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ABSTRACT 
Late Miocene, 8 to 6 million years ago (Ma), climatic changes brought about 
dramatic floral and faunal changes. Cooler and drier climates that prevailed in the Late 
Miocene led to expansion of grasslands and retreat of forests at a global scale. 
Palaeogeographic studies suggest a global vegetation change causing an abrupt increase 
in C4 plant biomass while C3 biomass decreased between 8 and 6 Ma. Subsequent cycles 
of cooler and drier climatic conditions during the Mid-Pliocene (3.5–3 Ma) and 
Pleistocene (2.8–2.5; 1.8–1.6; 1.0–0.8 Ma) also caused forests to retreat into isolated 
refugia which played an important role in events that led speciation and radiation of 
Muroid (Order Rodentia, Superfamily Muroidea) rodents. 
 Muroid rodents are comprised of 6 families (Placanthomyidae, Spalacidae, 
Calomyscidae, Nesomyidae, Cricetidae, and Muridae) and make up close to one-third of 
named mammal species. Family Cricetidae and Muridae are especially speciose 
(containing ~1600 species altogether) and much of the diversity within these families 
arose during or after the Late Miocene. My dissertation deals with the systematics and 
historical biogeography of these fast-evolving groups of rodents with an emphasis on the 
genera Apodemus and Hybomys (Subfamily Murinae, Family Muridae), and Neodon 
(Subfamily Arvicolinae, Family Cricetidae). Habitat specialists such as Apodemus that 
occupy broadleaf forests, and Hybomys that occupy rainforests were likely isolated in 
forest refugia after the retreat of forests facilitating allopatric speciation. While voles in 
the subfamily Arvicolinae, that are associated with grasslands, expanded their range 
when forests retreated and speciated when grasslands retreated. 
In addition, field work carried out for this project in Nepal included several 
localities previously not sampled for small mammals. Most of Nepal is poorly surveyed 
and the first chapter focuses on the history of mammalogical surveys in Nepal and adds 
new localities for small mammal species, expanding the known range of the Nepalese 
endemic Himalayan wood mouse (Apodemus gurkha). 
 
 ii 
 
ACKNOWLEDGEMENTS 
I am sincerely grateful towards my adviser, Bill Kilpatrick, for the opportunity to 
work on this project and encouraging me to tackle tangential projects which turned out to 
be a substantial part of my dissertation. I am thankful for the advice, continual support, 
and invaluable experience provided by Bill. Bill has always been extremely generous 
with his time, knowledge, and funds. I am equally thankful to Bill for allowing me 
independence to learn on my own and for the opportunity to work in Nepal. I am a better 
scientist because of him and I have Bill to thank for making my Ph.D. a highly 
enlightening and enjoyable process.  
I thank my committee members (Dave Barrington, Ingi Agnrasson, Lori Stevens, 
Sara Helms Cahan) for their support, knowledge, and feedback. Thank you, Dave, for 
your infectious enthusiasm and insights on details that would have otherwise escaped me. 
Thank you, Ingi, for your knowledge and honest advice on work and life. Thank you, 
Lori, for your knowledge and I have learned a lot from the kindness you show to others. 
Thank you, Sara, for your questions and advice which not only made my work better but 
also made me a better teacher.  
I am also grateful to my field team in Nepal. Without the help of Saurav, Maila, 
Krishna, Pemba, Ganga, Sajan, Paski, and Ramesh, I would not have any samples to 
work with. I am also grateful to the staff at the Center for Molecular Dynamics Nepal 
especially Ajay Narayan Sharma, Adarsh Man Sherchan, Jyoti Joshi, and Priya Joshi. 
Sequencing specimens from Nepal was only possible with their help. Special thank you 
to my mom, Lily Pradhan, who procured permits to carryout sampling in Nepal.  
 iii 
 
I also extend my thanks towards past members of the Kilpatrick lab, Ryan Norris, Jan 
Decher, and Chris Gray. Chapter 4 without their help and without the help of co-author 
Mike Carleton would not have been possible. Ryan has also been free with his advice for 
which I am thankful. Thanks to the undergraduate interns who made lab work possible. 
They are Cody Aylward, Rachel Rollins, Cassidy Francik, Devon Farr, Ben Torpey, and 
Adriana Jurich.  
Field work in Nepal was supported by the Grants in Aid from the American 
Society of Mammalogists and the Carolyn M. Glass Fund. Laboratory work was funded 
by Graduate Research support from the University of Vermont, NSF, NSF EPSCoR, and 
USFWS International Division to Bill Kilpatrick and an Ohio State College of Arts and 
Sciences Regional Campus Faculty Research/Creative Activity grant and by startup funds 
to Ryan Norris. I also thank Dr. Bruce Patterson and John Phelps from the Field Museum, 
Darrin Lunde and Nicole Edmison from the Smithsonian National Museum of Natural 
History, and Dr. Violaine Nicolas from the Muséum national d'Histoire naturelle for 
loaning and providing access to the specimens in the research collection. Thank you is 
extended to various agencies for funding and collection permits.   
Lastly, I would like to thank my parents (Lily Pradhan and Netra Lal Pradhan), 
my uncle, aunt and cousins (Vickram Chhetri, Yvonne Chhetri, Abhishek and Saurav), 
and my extended family for their love, belief and support. Finally, I extend my love and 
gratitude to my beloved wife, Paliza Shrestha, for her unconditional love, support, and 
belief which got me through my Ph.D. I am in great debt to everyone without whose help, 
I would not have achieved anything. 
  
 iv 
 
TABLE OF CONTENTS 
ACKNOWLEDGEMENTS ................................................................................................ ii 
LIST OF TABLES ............................................................................................................ vii 
LIST OF FIGURES .............................................................................................................x 
CHAPTER 1: New records of small mammals from Central Nepal ...................................1 
1.1 Abstract ..................................................................................................................... 1 
1.2 History of small mammal surveys in Nepal .............................................................. 1 
1.3 Trapping Locality Descriptions ................................................................................. 4 
1.3.1 Annapurna Conservation Area (ACA) ............................................................... 4 
1.3.2 Manaslu Conservation Area (MCA)................................................................... 4 
1.3.3 Shey Phoksundo National Park (SPNP) ............................................................. 5 
1.3 New Records of Small Mammals ............................................................................. 6 
1.5 Literature Cited ......................................................................................................... 7 
CHAPTER 2: Phylogenetic relationships and biogeography of Apodemus (Muridae: 
Murinae: Apodemini).........................................................................................................13 
2.1 Abstract ................................................................................................................... 13 
2.2 Introduction ............................................................................................................. 14 
2.3 Materials and Methods ............................................................................................ 18 
2.3.1 Specimens and taxonomic sampling................................................................. 18 
2.3.2 DNA extraction, sequencing, and alignment .................................................... 20 
2.3.3 Genetic distance, phylogenetic analyses, and divergence times ...................... 22 
2.4 Results ..................................................................................................................... 24 
2.5 Discussion ............................................................................................................... 26 
2.5.1 Tribal relationships within Murinae ................................................................. 26 
2.5.2 Phylogenetic systematics of Apodemus ............................................................ 28 
2.5.3 Biogeography of Apodemus.............................................................................. 32 
2.6 Literature Cited ....................................................................................................... 39 
Chapter 3: Phylogeography of the Himalayan wood mouse (Apodemus gurkha) in 
Central Nepal .....................................................................................................................61 
3.1 Abstract ................................................................................................................... 61 
3.2 Introduction ............................................................................................................. 62 
3.3 Methods ................................................................................................................... 64 
 v 
 
3.3.1 Specimens and taxonomic sampling................................................................. 64 
3.3.2 DNA extraction, sequencing, and alignment .................................................... 65 
3.3.3 Genetic distances and population genetic analyses .......................................... 67 
3.4 Results ..................................................................................................................... 68 
3.5 Discussion ............................................................................................................... 72 
3.5.1 Population structure and conservation genetics of Apodemus gurkha ............. 72 
3.4.2 Genetic diversity and demographic history of Apodemus gurkha .................... 75 
3.6 Literature Cited ....................................................................................................... 78 
Chapter 4: Phylogenetic relationships and biogeography of the Hybomys division 
(Muridae: Murinae: Arvicanthini), rodents endemic to Africa’s rainforests, with 
assessment of the taxonomic status of Typomys Thomas, 1911 ........................................97 
4.1 Abstract ................................................................................................................... 97 
4.2 Introduction ............................................................................................................. 98 
4.3 Materials and Methods .......................................................................................... 101 
4.3.1 Specimens, taxonomic sampling, and abbreviations ...................................... 101 
4.3.2 DNA extraction, sequencing, and alignment .................................................. 103 
4.3.3 Genetic distance, phylogenetic analyses, and divergence times .................... 104 
4.4 Results ................................................................................................................... 106 
4.5 Discussion ............................................................................................................. 109 
4.5.1 The Hybomys division, Tribe Arvicanthini .................................................... 109 
4.5.2 Taxonomic rank of Typomys Thomas, 1911 .................................................. 113 
4.5.3 Taxonomic diversification within the Hybomys division ............................... 119 
4.5.4 Future research needs ..................................................................................... 123 
4.6 Literature Cited ..................................................................................................... 127 
CHAPTER 5: Detection of a new species of mountain vole and the pattern and 
timing of diversification among the major lineages of Neodon (Arvicolinae, 
Rodentia) ..........................................................................................................................154 
5.1 Abstract ................................................................................................................. 154 
5.2 Introduction ........................................................................................................... 155 
5.3 Materials and Methods .......................................................................................... 158 
5.3.1 Specimens and taxonomic sampling............................................................... 158 
5.3.2 DNA extraction, sequencing, and alignment .................................................. 158 
5.3.3 Genetic distance, phylogenetic analyses, and divergence times .................... 161 
 vi 
 
5.3.4 Morphometric analyses ................................................................................... 163 
5.4 Results ................................................................................................................... 164 
5.5 Discussion ............................................................................................................. 167 
5.5.1 Systematics of Subfamily Arvicolinae and Tribe Arvicolini ......................... 167 
5.5.2 Systematics of Neodon ................................................................................... 172 
5.5.3 Biogeography of Neodon ................................................................................ 175 
5.6 Literature Cited ..................................................................................................... 179 
Comprehensive Bibliography ..........................................................................................202 
Appendices .......................................................................................................................230 
Appendix A ................................................................................................................. 230 
Appendix B ................................................................................................................. 234 
Appendix C ................................................................................................................. 237 
Appendix D ................................................................................................................. 241 
Appendix E .................................................................................................................. 244 
Appendix F .................................................................................................................. 247 
Appendix G ................................................................................................................. 250 
Appendix H ................................................................................................................. 253 
 
  
 vii 
 
LIST OF TABLES 
Table 1.1. Localities and species surveyed in Annapurna Conservation Area 
(No.1–3), Manaslu Conservation Area (No. 4–9) and Shey Phoksundo National 
Park (No. 10–12). Refer to Appendix A for capture details. ............................................ 11 
 
Table 2.1. Distribution and morphological characters distinguishing species groups 
in the genus Apodemus by Zimmerman (1962). ............................................................... 49 
Table 2.2. Primers and primer sequences used to amplify target genes in this study. ..... 50 
Table 2.3. Partitioning scheme and best models chosen by PartitionFinder. Cytb 
(Cytochrome b), 12S (12S rRNA), COI (cytochrome oxidase subunit I), Fgb 
(fibrinogen beta chain), Ghr (growth hormone receptor), I7 (an olfactory receptor 
gene), Rbp3 (interphotoreceptor retinoid-binding protein), Rag1 (recombination 
activating gene 1), and vWf (von Willebrand factor). Numbers following the gene 
names indicate codon position. ......................................................................................... 51 
Table 2.4. Partitioning scheme and best models chosen by PartitionFinder. Cytb 
(Cytochrome b), and Rbp3 (interphotoreceptor retinoid-binding protein). Numbers 
following the gene names indicate codon position. .......................................................... 51 
Table 2.5. Calibration points with distribution estimates used in BEAST analyses. 
Prior distributions for all calibration points were set to lognormal and all ages are in 
million years before present. ............................................................................................. 52 
Table 2.6. Cytochrome b mean Kimura 2-parameter distance (percent) within and 
between Apodemus sensu lato and its recognized groups (Apodemus sensu stricto, 
Sylvaemus, Karstomys, Argenteus, and Gurkha) in comparison to select genera of 
Murinae. ............................................................................................................................ 53 
Table 2.7. Range of Cytochrome b Kimura 2-parameter distance (percent) within 
and between recognized groups of Apodemus sensu lato (Apodemus sensu stricto, 
Sylvaemus, Karstomys, Argenteus, and Gurkha) .............................................................. 53 
 
Table 3.1. Primers and primer sequences used to amplify target genes in this study. ..... 83 
Table 3.2. Haplotypes and associated Specimen IDs from alignments of Cytb 
(1124bp and 690bp), D-loop (600bp), and Rbp3 (1146bp). Specimen IDs 
represented as three letter codes indicating locality and specimen number. South 
Annapurna Conservation Area (South ACA): BTT – Banthanti, GPN – Ghorepani, 
CTR – Chitre; Manaslu Conservation Area (MCA): NMR – Namrung, SGN – 
Samagaun, SAM – Samdo, LHO – Lho (details in Appendix A)..................................... 84 
 viii 
 
Table 3.3. Cytb (1124bp), D-loop (600bp), and Rbp3 (1146bp) Kimura-2-
parameter distance (percent) within and between regional populations of Apodemus 
gurkha. .............................................................................................................................. 86 
Table 3.4. Analysis of molecular variance using mitochondrial Cytb and D-loop for 
Apodemus gurkha populations (Samle, Banthati, Ghorepani, Chitare, Namrung, 
Lho, Samagaun, and Smado) in North and South Annapurna Conservation Area 
(ACA) and Manaslu Conservation Area (MCA) regions of Central Nepal. Analyses 
for D-loop do not contain any samples from North ACA (Samle). .................................. 87 
Table 3.5. Genetic diversity indices and Neutrality tests (Tajima’s D and Fu’s FS) 
results for Apodemus gurkha populations in North and South Annapurna 
Conservation Area (ACA) and Manaslu Conservation Area (MCA) regions of 
Central Nepal. ................................................................................................................... 88 
Table 3.6. Mismatch distribution analyses, Sum of Squared Deviations (SSD) & 
Harpending’s Raggedness Index (r), to test hypotheses of sudden population 
expansion or spatial expansion for Apodemus gurkha populations in North and 
South Annapurna Conservation Area (ACA) and Manaslu Conservation Area 
(MCA) regions of Central Nepal. ..................................................................................... 89 
Table 3.7. Genetic diversity (Hd= haplotype diversity; π = nucleotide diversity) 
indicies for Apodemus sp. in literature. Overall Hd and π included if reported 
outside brackets; range of Hd and π observed within phylogroups (populations) in 
brackets. ............................................................................................................................ 90 
 
Table 4.1. Tissue numbers, voucher specimens, and species for material newly 
sequenced in this study (● indicates genes sequenced for each specimen). ................... 139 
Table 4.2. Primers and primer sequences used to amplify target genes in this study. ... 140 
Table 4.3. Partitioning scheme and best models chosen by Partition Finder. ................ 140 
Table 4.4. Mean genetic distances (Kimura 2-Parameter) based on cytochrome b 
between the subgenera Hybomys and Typomys in comparison with genera of 
Arvicanthini currently considered valid. Genetic divergences calculated from 
sequences in Table 4.1 and Appendix F. ........................................................................ 141 
Table 4.5. Mean genetic distances (Kimura 2-Parameter) based on Cytb within and 
between species of the Hybomys division. ...................................................................... 142 
Table 4.6. Revised taxonomy of the Hybomys division (Muridae: Murinae: 
Arvicanthinia), with abridged generic synonymies (first usage of unique name 
combinations) and valid species (in boldface). ............................................................... 143 
 ix 
 
Table 4.7. Estimates of the most recent common ancestor of certain clades of 
African Murinae according to recent molecular studiesa; values in million of years 
ago with 95% HPD in parentheses.................................................................................. 148 
 
Table 5.1. Specimen, Species ID, and localities with genes sequenced for this 
study. ● refers to genes sequenced for the samples. ....................................................... 186 
Table 5.2. Primers and primer sequences used to amplify target genes in this study. ... 187 
Table 5.3. Partitioning scheme and best models chosen by PartitionFinder. Cytb 
(Cytochrome b), COI (cytochrome oxidase subunit I), Rbp3 (interphotoreceptor 
retinoid-binding protein), and Ghr (growth hormone receptor). Numbers following 
the gene names indicate codon position.......................................................................... 188 
Table 5.4. Cytochrome b Kimura 2-parameter distance (percent) within and 
between species of Neodon and Blanfordimys in comparison to N. sikimensis from 
Nepal and Tibet. .............................................................................................................. 189 
 
  
 x 
 
LIST OF FIGURES 
Figure 1.1. Distribution of Apodemus gurkha in Central Nepal. Red – localities 
sampled in this study, blue – museum specimens (Pearch 2011), dotted outline – 
range of Apodemus gurkha (shapefiles acquired from Terrestrial Mammal dataset, 
IUCN Red List – http://www.iucnredlist.org/technical-documents/spatial-data). 
Scale bar – elevation above sea level in meters. ............................................................... 12 
 
Figure 2.1. Distribution of Apodemus groups (Apodemus, Argenteus, Gurkha, and 
Sylvaemus) recognized by Musser and Carleton (2005) and Karstomys across 
Eurasia (shapefiles acquired from Terrestrial Mammal dataset, IUCN Red List – 
http://www.iucnredlist.org/technical-documents/spatial-data). ........................................ 54 
Figure 2.2. Bayesian Majority rule consensus tree for Apodemini and outgroup 
taxa based on concatenated Cytb, COI, 12S rRNA, Fgb, Ghr, Rbp3, I7, Rag1, and 
vWf genes. Nodal support provided as Maximum Likelihood bootstrap (500 
replicates) and Bayesian posterior probability values (ML/PP: only if >50%). 
Asterisk (*) refers to ML=100 and PP=1.00. Colored bars denote recognized 
groups of Apodemus (including Karstomys) and black bars denote Tribes within the 
subfamily Murinae recognized by Musser and Carleton (2005) ...................................... 55 
Figure 2.3. Bayesian Majority Rule consensus tree for Apodemini based on 
Cytochrome b gene. Nodal support provided as Bayesian posterior probability 
values below branch (PP only if >0.50). Branches colored to denote major groups 
of Apodemus; pink – Argenteus, blue – Apodemus, red – Gurkha, yellow – 
Karstomys, and green – Sylvaemus. .................................................................................. 56 
Figure 2.4. Bayesian Majority rule consensus tree for Apodemini based on Rbp3 
gene. Nodal support provided as Bayesian posterior probability values below 
branch (PP only if >0.50). Branches colored to denote major groups of Apodemus; 
pink – Argenteus, blue – Apodemus, red – Gurkha, yellow – Karstomys, and green 
– Sylvaemus. ...................................................................................................................... 57 
Figure 2.5. Fossil calibrated phylogeny of the Apodemini and outgroup taxa based 
on concatenated Cytb, COI, 12S rRNA, Fgb, Ghr, Rbp3, I7, Rag1, and vWf genes. 
Maximum clade credibility tree with median node heights and horizontal blue bars 
indicating 95% highest posterior density intervals. Calibration points (Table 2.5) 
denoted by silhouette of mice. Vertical gray bars indicate the dry periods when 
forests retreated, and grasslands expanded (dates from Cerling et al. 1997 and de 
Menocal 2004). ................................................................................................................. 58 
 
 xi 
 
Figure 2.6. Tribal relationships within the subfamily Murinae as recovered in this 
study and in literature (Steppan et al. 2004; Lecompte et al. 2008; Schenk et al. 
2013; Kimura et al. 2015; Rowe et al. 2016; Steppan and Schenk 2017). Mouse 
silhouettes placed at nodes calibrated using the Karnimata/Progonomys split. 
Karnimata = (Millardini, Arvicanthini, and Otomyini) and Progonomys = 
(Hydromyini, Murini, Praomyini, Apodemini, and Malacomyini) sensu Kimura et 
al. (2015). .......................................................................................................................... 59 
Figure 2.7. Distribution of Apodemus species recognized by Musser and Carleton 
(2005) across Eurasia (shapefiles acquired from Terrestrial Mammal dataset, IUCN 
Red List – http://www.iucnredlist.org/technical-documents/spatial-data). ...................... 60 
 
Figure 3.1. Distribution of Apodemus gurkha in Central Nepal. Blue – Manaslu 
Conservation Area, red – North Annapurna Conservation Area, green – South 
Annapurna Conservation Area, and black open circles – museum specimens 
sampled in Pearch (2011). Major river valleys indicated by dotted light blue line 
and mountain ranges labelled in dark blue. Grey areas indicate areas between 2200 
m and 3600 m above sea level. ......................................................................................... 92 
Figure 3.2. Median joining network of haplotypes of (A) Cytb (690bp), (B) Rbp3 
(1146bp), and (C) D-loop (600bp) sequences of Apodemus gurkha from the North 
and South Annapurna Conservation Area (ACA) and Manaslu Conservation Area 
(MCA) regions of Central Nepal. Haplotype IDs are consistent with Table 3.2. The 
size of the circles is proportional to the frequency in which the haplotypes occur, 
each hatch on the lines denote a single nucleotide difference between haplotypes 
and the localities are indicated by colors. Black nodes indicate hypothetical 
haplotypes not sampled in this study. ............................................................................... 93 
Figure 3.3. Neighbor Joining tree of Apodemus gurkha constructed with (A) Cytb 
(1126bp), (B) Rbp3 (1146bp), and (C) D-loop (600bp) sequences (number of 
bootstrap replicates =1000) from the North and South Annapurna Conservation 
Area (ACA) and Manaslu Conservation Area (MCA) regions of Central Nepal. ............ 94 
Figure 3.4. Mantel tests correlating pairwise FST and geographic distance between 
localities using (A) Cytochrome b and (B) D-loop markers. ............................................ 95 
Figure 3.5. Mismatch distribution of mitochondrial Cytochrome b (A-D) and D-
loop (E-F) sequences for Apodemus gurkha in South Annapurna Conservation Area 
(A, C, E, G) and Manaslu Conservation Area (B, D, F, H) regions of Central Nepal 
under the sudden population expansion model (A-B, E-F) and spatial expansion 
model (C-D, G-H). ............................................................................................................ 96 
 
 xii 
 
Figure 4.1. The Guineo-Congolian Region, sensu White (1983), and distribution of 
the Hybomys division, Tribe Arvicanthini. A) Current extent of Guineo-Congolian 
rainforests (green—range shapefiles imported from White 1983). Major forest 
subdivisions of the Guineo-Congolian Region follow Hardy et al. (2013), who 
defined the frontier between Upper Guinea and Lower Guinea at the Dahomey Gap 
and between Lower Guinea and Congolia along the drainage of the Congo-Ubangi 
Rivers. Other major rivers of biogeographic significance include the Cross and 
Niger. B) Distribution of genus-group taxa currently assigned to 
the Hybomys division (range shapefiles acquired from Terrestrial Mammal dataset, 
IUCN Red List—http://www.iucnredlist.org/technical-documents/spatial-data). 
Since their descriptions, most systematists have 
maintained Typomys Thomas (1911) as a valid subgenus of Hybomys Thomas 
(1910). ............................................................................................................................. 149 
Figure 4.2. Consensus tree of the Hybomys division and outgroup taxa based on 
Bayesian analysis of concatenated sequences of 2 mitochondrial (Cytb, 12S rRNA) 
and 2 nuclear (Ghr, Rbp3) genes. Maximum Likelihood bootstrap (500 replicates) 
and Bayesian posterior probability results are shown only for nodes where ML and 
PP > 50%; asterisks (*) identify nodes with maximum support (ML = 100% and PP 
= 1.00). Nodes that delineate the monophyly of Arvicanthini and its sister-group 
kinship with Otomyini are indicated. Colored bars highlight the phylogenetic 
position of genera according to the murine divisions formulated by Musser and 
Carleton (2005); the Hybomys division was recovered as monophyletic, although 
other divisions were not (see Discussion). The scale bar signifies substitutions per 
site or amount of accumulated change along the branches. ............................................ 150 
Figure 4.3. Fossil-calibrated phylogeny of the Hybomys division, select 
Arvicanthini, and murid outgroups based on concatenated sequences of 
mitochondrial (Cytb, 12S rRNA) and nuclear (Rbp3, Ghr) genes. Asterisks indicate 
the two fossils calibration points we employed: Arvicanthis-Mus (Median: 11.3 Ma; 
Range: 11.1-12.3 Ma) and Arvicanthis-Otomys (Median: 9.1 Ma; Range: 8.7-10.1 
Ma). Horizontal blue bars embrace ± 95% highest posterior density intervals 
around mean nodal ages; vertical gray bands correspond to dry periods when 
rainforests retreated (dates from Cerling et al. 1997 and de Menocal 2004). ................. 151 
Figure 4.4. The Guineo-Congolian Region, sensu White (1983), and specific 
distributions of the genera Hybomys and Typomys, Hybomys division. A) Current 
extent of Guineo-Congolian rainforests (green—range shapefiles imported from 
White 1983) compared with the hypothesized maximal extent of rainforests during 
wet periods of the Early Pliocene (checkered). Also depicted are hypothesized 
rainforest refugia (yellow, after Maley 1996) and centers of endemism (red, after 
Happold 1996), which substantially overlap in their geographic location (orange). 
B) Distributions of currently recognized species of Hybomys and Typomys (range 
shapefiles acquired from Terrestrial Mammal dataset, IUCN Red List—
 xiii 
 
http://www.iucnredlist.org/technical-documents/spatial-data). Note that 
distributions of species confined to montane rainforest in the Cameroon Volcanic 
Line (H. badius, H. basilii, H. eisentrauti) and Albertine Rift (H. lunaris) are 
geographically highly restricted compared with those that inhabit lowland 
rainforest. ........................................................................................................................ 152 
Figure 4.5. Current distributional limits resulting from major phylogenetic splits 
within the Hybomys division in relation to major forest blocks of the Guineo-
Congolian Region. See Fig. 4.3 for sister groups and estimated divergence.................. 153 
 
Figure 5.1. Distribution of Neodon sikimensis sampled in this study in Nepal, 
India, and Tibet.  Type locality indicated by blue star, museum specimens from 
Nepal and India (red circles), and Tibet (green circle). Scale bar – elevation above 
sea level in meters. .......................................................................................................... 190 
Figure 5.2. Bayesian Majority rule consensus tree for Arvicolinae and outgroup 
taxa based on concatenated Cytb, COI, Rbp3, and Ghr genes. Nodal support 
provided as Maximum Likelihood bootstrap (500 replicates) and Bayesian posterior 
probability values (ML/PP: only if >50%). Asterisk (*) refers to ML=100 and 
PP=1.00. Subgenera of Microtus – italicized and Tribes within the subfamily 
Arvicolinae – bolded. ...................................................................................................... 191 
Figure 5.3. Fossil calibrated phylogeny of the Arvicolinae and outgroup taxon 
based on concatenated Cytb, COI, Rbp3, and Ghr genes. Maximum clade 
credibility tree with median node heights and bars indicating 95% highest posterior 
density intervals. Calibration points denoted by asterisks (*). Vertical gray bars 
indicate the dry periods when forests retreated, and grasslands expanded. .................... 192 
Figure 5.4. Correlation matrix for 8 cranial (SGL, SBL, CBL, ZB, MB, IOW, SH, 
and ABL) and 4 dental characters (LMxT, LMbT, M-M, and TUIB) characters for 
Neodon sikimensis specimens from Tibet (in red; n=6), and India and Nepal (in 
blue; n=172). Scatterplot for each measurement pair placed below the diagonal, 
correlation coefficient placed above the diagonal, and frequency distribution of 
each measurement placed on the diagonal. ..................................................................... 193 
Figure 5.5. (A) Principal component eigenvalues and their respective contributions 
from principal component analyses of 8 cranial (SGL, SBL, CBL, ZB, MB, IOW, 
SH, and ABL) and 4 dental characters (LMxT, LMbT, M-M, and TUIB) characters 
for Neodon sikimensis; (B) Scatter plot and (C) loading plots of principal 
components 1 and 2. Tibet – East N. sikimensis (n=6); India and Nepal – West N. 
sikimensis (n=172). ......................................................................................................... 194 
 xiv 
 
Figure 5.6. Box plots and t-test p-values for 8 cranial (SGL, SBL, CBL, ZB, MB, 
IOW, SH, and ABL) and 4 dental characters (LMxT, LMbT, M-M, and TUIB) 
characters for Neodon sikimensis specimens from east – Tibet (n=6) and west – 
India and Nepal (n=172). ................................................................................................ 195 
Figure 5.7. Violin plots for 8 cranial (SGL, SBL, CBL, ZB, MB, IOW, SH, and 
ABL) and 4 dental characters (LMxT, LMbT, M-M, and TUIB) characters for 
Neodon sikimensis specimens from Tibet (n=6) and south the Himalayas (n=172). 
from East to West localities in India (n=18), Eastern Nepal (n=52), Central Nepal 
(n=89), and Western Nepal (n=13). Mean±SD in red and black horizontal bar 
denotes the median. ......................................................................................................... 196 
Figure 5.8. Linear regression and 95% CI for 8 cranial (SGL, SBL, CBL, ZB, MB, 
IOW, SH, and ABL) and 4 dental characters (LMxT, LMbT, M-M, and TUIB) 
characters across a longitudinal gradient for Neodon sikimensis from Nepal and 
India (n=172). ................................................................................................................. 197 
Figure 5.9. Tribal relationships within the subfamily Arvicolinae as recovered in 
this study and in literature (Galewski et al. 2006; Robovský et al. 2008; Abramson 
et al. 2009; Liu et al. 2016; Steppan and Schenk 2017). ................................................ 198 
Figure 5.10. Variation in first lower molar (m1) of Neodon sikimensis from (A) 
Tibet (USNM 940368) (B) India (USNM 259584) and (C) Western Nepal 
(RGM11). Red arrows indicate folds on labial side of m1. ............................................ 199 
Figure 5.11. Variation in third upper molar (M3) of Neodon sikimensis from (A) 
Tibet (USNM 940368) (B) India (USNM 259584). Red arrows indicate folds on 
labial side of M3. ............................................................................................................. 200 
Figure 5.12. Distribution of Neodon and Blanfordimys species in Central Asia. 
Range shapefiles acquired from Terrestrial Mammal dataset, IUCN Red List 
(http://www.iucnredlist.org/technical-documents/spatial-data) and Liu et al. (2016). ... 201 
 
 
 1 
 
CHAPTER 1: New records of small mammals from Central Nepal 
 
1.1 Abstract 
Mammalogical surveys in Nepal date back to the early 1820s with sporadic and 
poor sampling effort until the present. Small mammal sampling has especially been poor. 
Small mammal trapping was carried out in the Annapurna Conservation Area, Manaslu 
Conservation Area, and Shey Phoksundo National Park of Nepal between 2013 and 2015. 
We report on new localities sampled for small mammals in Central Nepal expanding 
known distributions for Apodemus gurkha, Mus musculus, Niviventer fulvescens, Rattus 
rattus, Rattus pyctoris, and Soriculus nigrescens. The known range of A. gurkha, a 
Nepalese endemic restricted to Central Nepal, was extended 32 kilometers north of 
Chhyul-Wang Valley which represents the current northeastern-most record. Apodemus 
gurkha was captured in Annapurna Conservation Area and Manaslu Conservation Area, 
but not in Shey Phoksundo National Park.  
 
1.2 History of small mammal surveys in Nepal 
Mammalogical surveys in Nepal date back to the early 1820s with sporadic 
studies conducted until the present (Pearch 2011). Volant and terrestrial small mammals 
are poorly sampled and the recent IUCN status for small mammals lists 48 percent small 
mammals assessed to being data deficient (Jnawali et al. 2011).  
The pioneering surveys for biodiversity in Nepal was conducted by Brian 
Houghton Hodgson (1800-1894) who published 127 papers on ornithology and 
mammalogy (Hunter, 1896). The majority (83) of the publications were related to 
mammals out of which 14 focused on the small mammals of Nepal. Hodgson collected 
specimens between 1924 and 1831 which were recorded in a catalogue of Nepalese 
mammals (Hodgson 1832, 1942). Hodgson updated the catalogue throughout his stay in 
Nepal covering the families Vespertilionidae (Hodgson 1835, 1836a), Ochotonidae 
(Hodgson 1841a), Leporidae (Hodgson 1840), Talpidae (Hodgson 1841b), Sciuridae 
(Hodgson 1836b, 1841c), Spalacidae (Hodgson 1841d), and Muridae (Hodgson, 1845). 
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Over 21 years, Hodgson had collected 373 mammal specimens representing 70 genera 
and 114 species, 40 of which were type specimens (Mitchell 1975). Specimens collected 
by Hodgson were placed largely in the British Museum where they were curated by John 
Edward Gray (Gray 1847). A subset of his collections was also placed in the Asiatic 
Society of Bengal and the Museum of the East India Company in London, where they 
were catalogued by Edward Blyth and Thomas Horsfield (Horsfield 1851). 
After Hodgson, J. Scully collected chiropteran specimens during a two-year 
period in Nepal (Scully 1887). Later the Bombay Natural History Society organized three 
collection trips led by Lt.-Col. R. L. Kennion in 1920, and N. A. Baptista in 1921 and 
1922-23. Hinton and Fry catalogued the specimens collected in those trips (Hinton and 
Fry 1923; Fry 1925). Sixteen specimens collected at Laprak, Gorkha by Baptista were 
described by Oldfield Thomas (Thomas 1924) as Apodemus gurkha, one of two current 
small mammal species endemic to Nepal. During the same time, the Royal Geographical 
Society and the Alpine Club in London organized the 1921 Expedition to Mount Everest 
led by A. F. R. Wollaston. The Smithsonian Institution collected in western, east-central, 
and eastern parts of Nepal between 1948 and 1949 (Johnson et al. 1980). Five years later, 
B. Biswas, from the Zoological Survey of India, collected small mammals from the 
Khumbu region in northeastern Nepal (Biswas and Khajuria 1955, 1957). 
German expeditions were undertaken during 1961-62 for ectoparasite collection 
from small mammals of the Khumbu region by Weigel (1969) and Gruber (1969). Other 
expeditions, carried out in lieu of ectoparasite collections from birds and mammals, saw 
the survey area expanded eastward to the Arun Valley and westward to the mountainous 
regions of Dolpo and Rara in western Nepal between 1966 and 1970 (Mitchell 1979, 
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1980; Mitchell and Derksen 1976). J. Martens, studying arthropods, also collected 
ectoparasites and small mammals from western Nepal (Martens and Niethammer 1972). 
Japanese expeditions with T. Kawamichi, from the Zoological Institute, Hokkaido 
University, collected small mammals in Central Nepal. Principal collecting was carried 
out in the Langtang and Khumbu regions between 1967 and 1970 (Kawamichi 1968, 
1971). H. Abe, also from Hokkaido University, continued collection at the Langtang 
region and Annapurna region between 1968 and 1975 (Abe 1971, 1977, 1982). Smaller 
expeditions carried out by Yugoslav and Czechoslovakia in 1972-73 collected small 
mammals from the Barun River Valley, eastern Nepal (Gregori and Petrov 1976; Daniel 
and Hanzák 1985). Newton et al. (1990) surveyed for small mammals in the Terai of 
southern Nepal between 1979 and 1984. Mekada et al. (2001) conducted the most recent 
surveys in the Annapurna region of central Nepal between 1996 and 1999. 
Very few publications regarding small mammal fauna of Nepal have come from 
Nepalese authors, with the most notable being Shrestha (1997), and Majapuria and 
Kumar (1998). Mammalogical collections from Nepal have largely been expanded by 
Germany, Japan, United Kingdom, United States, and to a lesser extent by 
Czechoslovakia, Hungary, Russia, and Yugoslavia (Pearch 2011).  
This study sampled small mammals in previously sampled areas of Annapurna 
Conservation Area (ACA) and Shey Phoksundo National Park (SPNP), as well as 
previously not sampled areas in Manaslu Conservation Area (MCA).  
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1.3 Trapping Locality Descriptions 
1.3.1 Annapurna Conservation Area (ACA) 
1. Banthanti, Kaski – Village with terraced vegetable fields and forests with 
rhododendron (Rhododendron sp.), oak (Quercus sp.), other broad-leaved trees and 
some conifers. Forested area had moderate rock cover with moss, dense undergrowth 
and several streams, likely due to monsoon rains. 
2. Ghorepani, Myagdi – Village located on the edge of dense rhododendron 
(Rhododendron sp.), forest with dense growth of ferns and shrubs. Moving upslope 
into Poon hill, rhododendron forest with few conifers (Pinus and Abies sp.) 
transitioned into meadows with woody shrubs. 
3. Chitre, Myagdi – Rhododendron (Rhododendron sp.) and oak (Quercus sp.) forest 
with few conifers (Pinus and Abies sp.) fenced off from grazing pastures and 
agricultural lands. Understory vegetation (sparser than Ghorepani and Banthanti) with 
ferns, and moss-covered woody debris and rocks.  
 
1.3.2 Manaslu Conservation Area (MCA) 
4. Bihi, Gorkha – Coniferous forest (Tsuga and Pinus sp.) with a moderately closed 
canopy. Rocky areas sparse. Ground level vegetation consisting of young hardwoods, 
wildflowers, herbs and grasses. 
5. Namrung, Gorkha – Conifer (Tsuga and Pinus sp.) and hardwood (Quercus and 
Betula sp.) forest with dense understory of woody stems, ferns and moss-covered 
rocks. 
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6. Samagaun, Gorkha – First trapping site (0.6km northwest of Samagaun), sparse 
conifer (Juniperus sp.) cover and understory vegetation like alpine meadows with 
grasses, wildflowers and shrubs. Second trapping site (2.6km north of Samagaun), 
shrubs, grasses and wildflowers transitioning to conifers (Juniperus sp.) and 
hardwoods with low height but dense canopy.  
7. Samdo, Gorkha – Alpine meadow with grasses, shrubs and wild flowers between 
rocky river bed and cultivated potato fields.  
8. Lho, Gorkha – Coniferous-deciduous (Tsuga, Pinus, Quercus and Betula sp.) forest 
located on a steep slope near the village. Leaf litter present with moderate herbaceous 
cover. 
9. Kalsang, Gorkha – Mesic hardwood forest with rhododendron (Rhododendron sp.), 
oak (Quercus sp.), and few conifers (Tsuga and Pinus sp.). Ground cover with small 
hardwoods, ferns, and shrubs. Rocks with moss cover. 
 
1.3.3 Shey Phoksundo National Park (SPNP) 
10. Renchi, Dolpo – Predominantly coniferous forest (Pinus and Picea sp.) with few 
hardwoods. Forest understory sparsely vegetated with ferns and other herbaceous 
plants. 
11. Ringmo, Dolpo – Southwest bank of Lake Phoksundo (alternatively spelled as 
Phoksumdo) vegetated with thorny scrubs (Caragana and Lonicera sp.), and sparse 
hardwood (Betula sp.) and conifer cover (Cedrus, Pinus, and Picea sp.). Southeast 
bank of Lake Phoksundo vegetated with conifers (Cedrus, Pinus, and Picea sp.) and 
herbaceous ground cover which transitions into dry grassland with wildflowers. 
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12. Chepka, Dolpo – Hardwood (Quercus sp.) and coniferous (Pinus and Picea sp.) forest 
next to cultivated area. Dense understory with herbaceous plants and wild flowers. 
 
1.3 New Records of Small Mammals 
No new records of mammals were obtained in Annapurna Conservation Area. 
Mus musculus was detected for the first time within the Shey Phoksundo National Park 
boundaries in Renchi (Table 1.1 and Appendix A). Mus musculus, Neodon sikimensis, 
Niviventer fulvescens, Rattus, Rattus pyctoris, and Soriculus nigrescens were detected in 
Manaslu Conservation Area (Table 1.1 and Appendix A).  
Mus musculus, N. fulvescens, R. rattus, R. pyctoris, and S. nigrescens have been 
recorded from protected areas surrounding the MCA (Pearch 2011). Apodemus gurkha 
has not been recorded east of the Gorkha district, the northern half of which is the MCA. 
Within MCA, A. gurkha was previously taken from Chhyul-Wang Valley (ZMFK 
84.1177). We captured A. gurkha 32 kilometers north of Chhyul-Wang Valley in Samdo. 
The capture of A. gurkha from Samdo extends the known range of this endemic Nepalese 
species northeast of the previously known range (Fig. 1.1). Samdo is also the highest 
elevation at which A. gurkha has been recorded (3825m above sea level). The previous 
elevation record for A. gurkha was 3750m at Phoksundo Lake (ZMFK 84.1112). 
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Table 1.1. Localities and species surveyed in Annapurna Conservation Area (No.1–3), 
Manaslu Conservation Area (No. 4–9) and Shey Phoksundo National Park (No. 10–12). 
Refer to Appendix A for capture details. 
No. Locality Elevation Latitude Longitude Species ID 
1 Banthanti, Kaski 2330m N 28°22.090' E 083°43.888' 
Apodemus gurkha1 
Niviventer fulvescens1 2 
Rattus norvegicus1 
Soriculus nigrescens2 
2 Ghorepani, Myagdi 2970m N 28°24.077' E 083°41.810' 
Apodemus gurkha1 
Episoriculus caudatus2 
Mus musculus 
Neodon sikimensis1 2 
Niviventer fulvescens 
Soriculus nigrescens2 
3 Chitre, Myagdi 2530m N 28°25.070' E 083°41.778' 
Apodemus gurkha1 
Niviventer fulvescens1 2 
4 Bihi, Gorkha 2000m N 28°30.010' E 084°52.027' 
Mus musculus 
Rattus 
Rattus pyctoris1 
5 Namrung, Gorkha 2660m N 28°32.635' E 084°46.198' 
Apodemus gurkha1 
Mus musculus 
Rattus 
Rattus pyctoris1 
Soriculus nigrescens2 
6 Samagaun, Gorkha 3590m N 28°36.472' E 084°38.287' Apodemus gurkha1 
7 Samdo, Gorkha 3825m N 28°39.122' E 084°37.903' 
Apodemus gurkha1 2 
Soriculus nigrescens2 
8 Lho, Gorkha 3180m N 28°34.448' E 084°42.187' 
Apodemus gurkha1 
Mus musculus 
Niviventer fulvescens 
9 Kalsang, Gorkha 2290m N 28°31.967' E 084°47.833' 
Niviventer fulvescens 
Soriculus nigrescens2 
10 Renchi, Dolpo 3030m N 29°07.035' E 082°53.239' 
Apodemus pallipes1 
Neodon sikimensis1 
11 Ringmo, Dolpo 3650m N 29°10.141' E 082°56.413' 
Apodemus pallipes1 2 
Neodon sikimensis1 2 
12 Chepka, Dolpo 2690m N 29°03.443' E 082°53.855' Mus musculus 
1 Identified by DNA sequencing 
2 Voucher specimen
  
1
2
 
 
Figure 1.1. Distribution of Apodemus gurkha in Central Nepal. Red – localities sampled in this study, blue – museum specimens 
(Pearch 2011), dotted outline – range of Apodemus gurkha (shapefiles acquired from Terrestrial Mammal dataset, IUCN Red List – 
http://www.iucnredlist.org/technical-documents/spatial-data). Scale bar – elevation above sea level in meters.
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CHAPTER 2: Phylogenetic relationships and biogeography of Apodemus 
(Muridae: Murinae: Apodemini) 
 
2.1 Abstract 
Apodemus is a widespread and speciose genus of murid rodents inhabiting 
broadleaf forests in Eurasia. Up to five divergent species groups of Apodemus sensu 
lato (Apodemus sensu stricto, Argenteus, Gurkha, Karstomys, and Sylvaemus) have 
been recognized but the phylogenetic relationships among them have not been 
resolved. Concatenated sequences of three mitochondrial (Cytb, COI, and 12S rRNA) 
and six nuclear (Fgb, Ghr, I7, Rbp3, Rag1, and vWf) loci were examined in 
Likelihood and Bayesian frameworks to resolve the relationships among 19 of the 20 
currently recognized species of Apodemus s.l. including representatives from all five 
species groups. A Bayesian relaxed-clock model implemented in BEAST was used to 
estimate the divergences among the Apodemus subgenera, species groups, and species 
with the use of one internal (within Apodemus s.l.) and four external fossil calibration 
points. Kimura 2-parameter (K2P) distances were estimated with additional Cytb 
sequences to compare whether genetic distances between the groups of Apodemus s.l. 
were comparable to typical genetic distances between recognized genera in the 
Murinae. Maximum Likelihood and Bayesian analyses provided moderate support for 
grouping Argenteus (A. argenteus) with Apodemus s.s. and Gurkha with Sylvaemus. 
Genetic distances between the groups of Apodemus were comparable to genetic 
distances between the recognized murine genera suggesting early divergences. 
Apodemus s.l. is likely comprised of five divergent species groups and considering 
the large genetic distances between them, Apodemus s.s., Argenteus, Gurkha, 
Karstomys, and Sylvaemus can all be raised to generic rank. The divergence of the 
major groups of Apodemus took place between 5.19 to 7.51 Ma, coinciding with the 
late Miocene climatic changes. Apodemus s.l. were likely widespread throughout 
Eurasia and the retreat of forested areas in Eurasia to smaller isolated refuges 
separated the European-Central Asian Sylvaemus-Karstomys-Gurkha clade from the 
East Asian Apodemus s.s.-Argenteus clade facilitating lineage divergence. Apodemus 
s.s.-Argenteus split may have been facilitated by isolation of Argenteus in Japan 
and/or by niche partitioning. The extant Gurkha lineage is a Miocene relict, isolated 
in Central Nepal by the combination of floral change and rapid uplift of the 
Himalayas during the Miocene-Pliocene boundary. Karstomys and Sylvaemus are 
associated with refugia in the Mediterranean coast and southern Europe. While the 
Sylvaemus and Gurkha split occurred in the Miocene-Pliocene boundary, their current 
distributions overlap in Central Nepal. This overlap in the is likely due to a secondary 
radiation of Sylvaemus from southeastern Europe towards Central Asia. 
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2.2 Introduction 
The rodent family Muridae represents the most speciose family of mammals 
with over 700 named species (Musser and Carleton 2005). Species of the genus 
Apodemus Kaup, 1829 are murid rodents that are widely distributed throughout the 
broadleaf forests in the temperate zones of Eurasia. Their evolutionary history is 
thought to be associated with the global geological changes as well as the expansion 
and development of forests (Serizawa et al. 2000). The earliest Apodemus known 
from early Vallesian in Miocene (9.0–11.6 Ma) of South and Central Europe 
(Freudenthal and Martín Suárez 1999). Phylogenetic studies of Apodemus suggest 
that they diverged in the last 10 million years during which time the earth is thought 
to have become much cooler and drier (Suzuki et al. 1990, 2003).  
Seven additional genus-group names have been proposed, based primarily 
upon morphological traits, for certain species or clusters of species of Apodemus 
sensu lato: Sylvaemus Ognev, 1924; Nemomys Thomas, 1924; Alsomys Dukelski, 
1928; Petromys Martino, 1934; Karstomys Martino, 1939; Argenteus Musser, 
Brothers, Carleton and Hutterer, 1996 and Gurkha Serizawa, 2000. Corbet (1978) 
considered Nemomys (Thomas 1924) as a synonym of Sylvaemus (Ognev 1924) since 
they both had the same type species. Karstomys Martino, 1939 replaced Petromys 
Martino, 1934 which was preoccupied. 
Zimmerman (1962) suggested the genus be divided into three subgenera based 
on presence or absence of the supraorbital ridge, number of mammae and molar 
patterns (Table 2.1): (1) Apodemus sensu stricto ranging from central Europe to 
eastern Asia (not including Japan), (2) Sylvaemus ranging from western Europe to 
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central Asia and, (3) Alsomys distributed in central and eastern Asia, and Japan. This 
arrangement was accepted by Niethammer and Krapp (1978) but Corbet (1978), 
Pavlinov and Rossolimo (1987) and Corbet and Hill (1992), only acknowledged 
Apodemus and Sylvaemus as subgenera.  
Musser et al. (1996) examined morphological, chromosomal and biochemical 
characters of oriental Apodemus (A. agrarius, A. chevrieri, A. speciosus, A. 
peninsulae, A. latronum, A. draco, A. semotus, A. argenteus, and A. gurkha) to 
conclude that the genus can be separated into three groups: Apodemus s.s. (A. 
agrarius, A. chevrieri, A. speciosus, A. peninsulae, A. latronum, A. draco, A. semotus, 
and A. gurkha); Sylvaemus (A. sylvaticus, A. flavicollis, A. uralensis, A. mystacinus, 
A. fulvipectus, A. hermonensis, A. alpicola, A. arianus, A. hyrcanicus, A. ponticus, A. 
rusiges, and A. wardii); and Argenteus (A. argenteus). Alsomys was allied with 
Apodemus s.s. whereas A. argenteus was considered distinct from the Apodemus s.s. 
and Sylvaemus groups with its hourglass shaped interorbital region, lack of 
supraorbital ridges, a small zygomatic plate that does not project beyond the anterior 
margin of the zygomatic arch, two lingual roots on M1, and a karyotype that is mostly 
made up of telocentric chromosomes with three metacentric ones (Musser et al. 
1996). 
Britton-Davidian et al. (1991) and Mezhzherin and Zykov (1991) have 
advocated raising of Sylvaemus to generic rank due to the extent of morphological 
and genetic divergence between the Apodemus s.s. and Sylvaemus. Martin et al. 
(2000) hinted at splitting into multiple genera based on Cytochrome b (Cytb) Kimura 
2-parameter genetic distances of 16 to 19% between the Sylvaemus clade and A. 
 16 
 
agrarius (Apodemus s.s.) and A. mystacinus (Karstomys) respectively. These 
distances were comparable to distances between Sylvaemus and other murine genera 
(Micromys, Mus, Rattus, and Acomys). Mezhzherin (1997) suggest that Apodemus 
s.s., Alsomys, and Sylvaemus should be recognized as separate genera with 
Karstomys recognized as a subgenus of Sylvaemus. Pavlinov and Rossolimo (1998) 
suggested placing Alsomys as a subgenus of Apodemus s.s., and Karstomys as a 
subgenus of genus Sylvaemus.  
Musser and Carleton (2005) recognize four groups of Apodemus s.l., 
diverging from the traditional effort to classify the species under two or three 
subgenera, Apodemus, Sylvaemus, and Karstomys. The Apodemus s.s. group 
consisting of 7 species (A. agrarius, A. chevrieri, A. draco, A. latronum, A. 
peninsulae, A. semotus, and A. speciosus) and was distributed from Central Europe to 
Eastern Asia (most species have an Asian distribution) with endemic species in 
Taiwan (A. semotus) and Japan (A. speciosus). The Sylvaemus group consists of 11 
species (A. alpicola, A. epimelas, A. flavicollis, A. hyrcanicus, A. mystacinus, A. 
pallipes, A. ponticus, A. rusiges, A. sylvaticus, A. uralensis, and A. witherbyi) that are 
distributed throughout most of Europe and the Middle East eastward to Central 
Nepal. Musser and Carleton (2005) include Karstomys (A. epimelas and A. 
mystacinus) with Sylvaemus. The Argenteus group is composed of a single species A. 
argenteus, endemic to Japan, and the Gurkha group consists of the Nepalese endemic, 
A. gurkha (Musser and Carleton 2005) (Fig 2.1).  
Examination of allozymic (Filippucci et al. 2002) and DNA sequence data 
(Serizawa et al. 2000; Michaux et al. 2002; Suzuki et al. 2008) support the five 
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species groups except for Liu et al. (2004) who recovered Karstomys (A. mystacinus) 
within Apodemus s.s. whereas Karstomys was placed sister to Sylvaemus in the other 
studies. Comparative Fluorescence In-Situ Hybridization (FISH) analyses that 
investigated the chromosomal rearrangements that occurred during the evolution of 
Apodemus also support the hypothesis of four lineages, but Karstomys was not 
sampled in the study (Matsubara et al. 2004).  
The most recent phylogeny of Apodemus was reported by Suzuki et al. (2008) 
based on the concatenate Rbp3 (interphotoreceptor retinoid-binding protein), Rag1 
(recombination activating gene 1), I7 (an olfactory receptor gene), and vWf (von 
Willebrand factor) sequences for 17 of the 20 species of Apodemus recognized by 
Musser and Carleton (2005) with representation from all five groups. Also included 
in their analyses are A. hermonensis and A. wardi which Musser and Carleton (2005) 
consider conspecific to A. witherbyi and A. pallipes, respectively. This phylogeny 
indicated that Argenteus group was sister to all other Apodemus species and diverged 
from the other groups approximately 6.9 million years ago (Ma) and Karstomys was 
sister to Sylvaemus. However, the relationship among the remaining groups, Gurkha, 
Sylvaemus+Karstomys, and Apodemus, were unresolved.  
Suzuki et al. (2008) also reported eight major lineages, five of which 
contained a single species (A. argenteus, A. gurkha, A. peninsulae, A. mystacinus and 
A. speciosus). The remaining three species groups had strong bootstrap support: (1) A. 
agrarius and A. chevrieri (agrarius species group); (2) A. draco, A. latronum, and A. 
semotus (draco species group); and (3) A. alpicola, A. sylvaticus, A. flavicollis, A. 
hermonensis, A. uralensis, and A. wardi (sylvaticus species group). Among the 
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species not sampled by Suzuki et al. (2008), A. hyrcanicus is placed within the 
sylvaticus species group and A. epimelas is sister to A. mystacinus by Darvish et al. 
(2015). Apodemus rusiges which is distributed in northern Pakistan and considered 
conspecific to A. flavicollis (Ellerman 1941 and 1961; Ellerman and Morrison-Scott 
1951) or A. sylvaticus (Wroughton, 1920; Corbet 1978) will likely be nested within 
the sylvaticus species group.  
The current phylogeny for Apodemus, however, is poorly resolved (Suzuki et 
al. 2008). The objectives of the study are: (1) to develop a well resolved phylogeny of 
the five groups within the genus by sampling additional loci - Cytochrome b (Cytb), 
cytochrome oxidase subunit I (COI), 12S rRNA, Fibrinogen beta chain (Fgb), and 
growth hormone receptor exon 10 (Ghr); (2) to test the phylogenetic hypothesis 
presented by Suzuki et al. (2008); (3) to determine the pattern and ages of divergence 
events of the major groups within the genus; (4) to infer the role of the geography and 
historical climate on the divergence and distribution of the groups. 
 
2.3 Materials and Methods 
2.3.1 Specimens and taxonomic sampling 
Cytochrome b (Cytb), cytochrome oxidase subunit I (COI), 12S rRNA (12S), 
Fibrinogen beta chain (Fgb), growth hormone receptor exon 10 (Ghr), 
interphotoreceptor retinoid-binding protein (Rbp3), an olfactory receptor gene (I7), 
recombination activating gene 1 (Rag1), and von Willebrand factor (vWf) were 
obtained for representative species from all five groups in Apodemus and outgroups 
from GenBank (Appendix B). Multiple Cytb and Rbp3 sequences from Apodemus and 
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sister genus Tokudaia were obtained by sequencing or from GenBank (Appendix C).  
Additional Cytb sequences of select genera within the subfamily Murinae were 
obtained to estimate genetic distances within and between genera (Appendix D). 
Among the Apodemus species sampled Musser and Carleton (2005) 
considered A. hermonenesis Filippucci, Simpson, and Nevo, 1989 a synonym of A. 
witherbyi (Thomas, 1902); A. microps Kratochvíl and Rosický, 1952 a synonym of A. 
uralensis (Pallas, 1811); A. wardi (Wroughton, 1908) a synonym of A. pallipes 
(Barrett-Hamilton, 1900); and A. ilex Thomas, 1922 a synonym for A. draco (Barrett-
Hamilton, 1900). Sequences from GenBank for A. hermonenesis, A. microps, A. 
wardi, and A. ilex have been included in the analyses.  
Selection of outgroups were based on phylogenies that broadly covered the 
subfamily Murinae (Schenk et al. 2013; Kimura et al. 2015; Rowe et al. 2016). 
Members of the subfamilies Gerbillinae (Gerbillus) and Deomyinae (Acomys) were 
included as sister-group to Murinae and several murine tribes (Arvicanthini, 
Hydromyini, Malacomyini, Millardini, Murini, Otomyini, Phloeomyini, Rattini) were 
included as outgroups to Apodemini (includes Apodemus and Tokudaia). The 
inclusion of Arvicanthini, Otomyini, and Murini provided fossil calibration points 
outside the Apodemini. 
Additional sampling of A. gurkha and A. pallipes from Nepal was conducted 
between 2013 and 2015. Tissues samples (ear punches) of 29 A. gurkha from 
Annapurna Conservation Area (3 localities: Banthanti, Ghorepani, and Chitre coded 
as BTT, GPN, and CTR respectively; Permit no. – 10/070/071) and 15 A. gurkha 
from Manaslu Conservation Area (4 localities: Namrung, Lho, Samagaun, and Samdo 
 20 
 
coded as NMR, LHO, SGN, and SAM respectively; Permit no. – 1/2071/72) were 
collected in July 2013 and 2014 respectively.  Ear punches of 11 A. pallipes were 
collected in July 2015 from Shey Phoksundo National Park (2 localities: Renchi and 
Ringmo coded as RCH and RGM respectively; Permit no. – 069/062). All individuals 
were sequenced for Cytb and an individual from each of the localities in the 
conservation areas were sequenced for Rbp3. Appendix A contains details on capture 
localities, specimen ID codes and species ID for all captures during field work in 
Nepal. 
 
2.3.2 DNA extraction, sequencing, and alignment 
DNA extraction and sequencing for A. gurkha and A. pallipes captured in 
Nepal was carried out at the Center for Molecular Dynamics, Nepal (CMDN). DNA 
extraction was carried out using the DNeasy Blood and Tissue Kit (Qiagen, 
Germany). Approximately 25 mg of ear tissue stored in 95% ethanol was used for 
DNA Extraction. The tissue samples were air dried 30 minutes prior to extraction. 
Each sample was cut into small pieces (approx. 20) which were placed in a 1.5 μl 
microfuge tube and incubated until the tissue samples were completely lysed at 56°C 
in 180 μl of ATL (Tissue Lysis Buffer) and Proteinase K in a shaking incubator. 
DNA was finally eluted in 50 μl Elution buffer. The quantity and quality of the 
extracted DNA was assessed on a NanoVue Plus (GE Healthcare Life sciences) 
spectrophotometer. 
Cytb and Rbp3 were amplified with the primer pairs: L14274/H15915 and 
IRBP217/IRBP1531 respectively (Table 2.2). Cytb was amplified with an initial 
denaturation at 94°C for 5 min followed by 31 cycles of denaturation at 95°C for 1 
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min, annealing at 50°C for 1 min and extension at 68°C for 1 min and final extension 
at 68°C for 10 min. Rbp3 was amplified with an initial denaturation at 94°C for 5 min 
followed by 35 cycles of denaturation at 94°C for 1 min, annealing at 50°C for 1 min 
and extension at 68°C for 1.5 min and final extension at 68°C for 10 min.  
Amplification reactions were conducted in 25 µl volumes (H2O – 16.9 μl; 5X 
PCR buffer+ MgCL2 – 5 μl; 5000 U Taq Polymerase – 0.125 μl; 10 pMol/µl Forward 
Primer – 0.75 μl; 10 pMol/µl Reverse Primer – 0.75 μl; 10mM dNTPs – 0.50 μl; 
DNA template – 1 μl) using OneTaq DNA Polymerase (NEB, Ipswich, MA, USA). 
PCR products were visualized with ethidium bromide after gel electrophoresis on 2 % 
agarose gels. ExoSAP (Exonuclease and Shrimp Alkaline Phosphatase) 
(ThermoFisher Scientific) was used to purify the PCR products following 
manufacturer’s protocol prior to sequencing reactions. Sequencing reactions (10 µl) 
were conducted with 1 μl of ExoSAP product, 3 µl primer (5 µM/µl), 2 µl nuclease 
free water and 4 µl of Ready reaction mix containing fluorescent tagged terminator 
(BigDye v3.1; Applied Biosystems). The sequencing reaction was further purified 
using Big Dye X-Terminator Purification Kit (ThermoFisher Scientific) (45 µl SAM 
solution + 10 µl Big Dye X-terminator solution along with all sequencing PCR 
product (10 µl) in a 0.5 ml tube. The purified product from the tubes were transferred 
to PCR strip tubes. The reactions were optimally diluted in ABI 310 Sequencing Strip 
tubes for running the final sequencing reaction on ABI 310 avoiding the formation of 
any air bubbles in the strip tubes. Chromatograms were visualized and edited in 
Chromas 2.6.2 (Technelysium: http://technelysium.com.au/wp/chromas/). 
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Nine genes including three mitochondrial (Cytb, 12S and COI) and six nuclear 
(Fgb, Ghr, Rbp3, I7, Rag1, and vWf) were included in the analyses. Cytb (1140 bp), 
COI (657 bp), 12S (982 bp), Fgb (636 bp), Ghr (924 bp), Rbp3 (1158 bp), I7 (792 
bp), Rag1 (1002 bp), and vWf (1191 bp) were aligned using ClustalW (Thompson et 
al. 1994) in Mesquite 3.31 (Maddison and Maddison 2017) whereas12S rRNA (982 
bp) was aligned in two steps, first using MAFFT (Katoh and Standley 2013) and then 
by eye. The genes were concatenated in Mesquite. 
 
2.3.3 Genetic distance, phylogenetic analyses, and divergence times 
Kimura 2-parameter (Kimura 1980) genetic distances between and within 
genera were estimated with MEGA6.0 (Tamura et al. 2013) based on the Cytb 
alignments of Apodemus (Accession numbers in Appendix C) and select genera of 
Murinae (Appendix D). The taxa were grouped into their respective genera and 
distances were also estimated between the groups within Apodemus (Apodemus, 
Argenteus, Gurkha, Karstomys, and Sylvaemus).  
The concatenated data set was partitioned into 25 individual partitions. The 
protein coding genes (Cytb, COI, Fgb, Ghr, I7, Rbp3, Rag1, and vWf) were divided 
into the codon positions and 12S rRNA was treated a single partition. PartitionFinder 
2.1.1 (Lanfear et al. 2016) was used to determine the best partitioning scheme and 
best model for each partition based on the AIC criterion (Table 2.3) under a 
likelihood framework using PhyML (Guindon et al. 2010) and the greedy algorithm 
(Lanfear et al. 2012). 
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Maximum Likelihood (ML) analysis was conducted with GARLI 2.0 (Zwikl 
2006) for the concatenated sequences with 500 bootstrap replicates using the 
appropriate models (Table 2.3). The majority rule consensus (MRC) tree of the 
bootstrap results was constructed in Mesquite. A Bayesian analysis was conducted on 
the CIPRES portal (Miller et al. 2010) using the models and 19 partitions from Table 
2.3 for the concatenated dataset in MrBayes 3.2.3 (Ronquist and Huelsenbeck 2003). 
Two simultaneous runs of 10,000,000 generations with sampling every 1000 
generations were carried out. The MrBayes log files for both runs were examined in 
Tracer 1.6 (Rambaut et al. 2014) and a burnin of 1,000,000 generations was set for 
each run. The runs were combined after discarding the burnin and the MRC tree with 
posterior probability values was constructed in Mesquite. 
In addition, a partitioned Bayesian analysis was conducted on the CIPRES 
portal (Miller et al. 2010) using the models and partitions from Table 2.4 for single 
genes (Cytb and Rbp3), with Apodemus species represented by multiple individuals, 
in MrBayes 3.2.3 (Ronquist and Huelsenbeck 2003). Two simultaneous runs of 
10,000,000 generations with sampling every 1000 generations was carried out. The 
MrBayes log files for both runs were examined in Tracer 1.6 (Rambaut et al. 2014) 
and a burnin of 2,500,000 generations was set for each run. The runs were combined 
after discarding the burnin and the MRC tree with posterior probability values was 
constructed in Mesquite. 
Timing of divergence among clades was estimated using the Bayesian 
relaxed-clock model implemented in BEAST 1.8.0 (Drummond and Rambaut 2007) 
using the concatenated dataset using appropriate partitioning and models (Table 2.3) 
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and calibration points (Table 2.5). The BEAST analysis was run for 100,000,000 
generations, sampling trees and parameters every 5000 generations. The BEAST log 
file was examined in Tracer 1.6 (Rambaut et al. 2014) and a burn-in of 20,000,000 
generations was set. TreeAnnotator (Drummond and Rambaut 2007) was used to 
generate a maximum clade credibility tree by discarding the first 20,000,000 
generations. 
 
2.4 Results 
The mean level of genetic divergence of Cytb between the groups of 
Apodemus s.l. (mean=16.9–19.1) was comparable to inter-generic distances between 
recognized genera of other Murinae (mean=16.1–21.8) (Table 2.6). The mean within 
genus distance for Apodemus s.l. of 15.9 (Table 2.6) was high compared to the within 
genus distance of other genera (mean=9.1–15.8). However, the mean within group 
distance within Apodemus s.s. (mean=14.0; range=0.0–19.8), Sylvaemus (mean=10.0; 
range=0.0–15.3), and Karstomys (mean=8.4; range=0.0–13.6) were comparable to 
mean within genus distance of other genera of Murinae (Table 2.6 and 2.7). The 
within group distance of the monotypic Argenteus (mean=2.2; range=0.4–3.3), and 
Gurkha (mean=0.8; range=0.0–2.9) were comparatively low (Table 2.6 and 2.7). 
The Maximum Likelihood and Bayesian analyses of concatenated genes 
provide good support for the monophyly of the genus Apodemus s.l. with strong 
bootstrap (ML=100) and posterior probability (PP=1.00) (Fig 2.2). All groups 
consisting of more than one species, Apodemus, Karstomys, and Sylvaemus were well 
supported (ML=100; PP=1.00) (Fig 2.2). Argenteus was recovered sister to the 
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Apodemus with moderate support (ML=68; PP=1.00) and Gurkha was recovered 
sister to the Sylvaemus and Karstomys with weaker support (ML<50; PP=0.90), 
however the Sylvaemus and Karstomys relationship was well supported (ML=100; 
PP=1.00) (Fig 2.2). Including Gurkha with Sylvaemus+Karstomys yielded a mean 
K2P distance of 13.4 (range=0.0–20.0) and including Argenteus with Apodemus s.s. 
yielded a mean K2P distance of 14.5 (range=0.0–19.8) within the groups. 
The tribe Apodemini is well supported (ML=100; PP=1.00) as well as Tribes 
Arvicanthini, Millardini, Murini, Otomyini, Phloeomyini, and Praomyini (all 
ML=100; PP=1.00). The Hydromyini (ML=68; PP=1.00) and Rattini (ML=72; 
PP=1.00) have moderate bootstrap and strong posterior probability support (Fig 2.2). 
Bayesian analyses of single genes recovered Gurkha and Argenteus as 
monophyletic (Cytb PP=93; Rbp3 PP=0.66) (Fig 2.3 and 2.4). Apodemus s.s. was 
paraphyletic in the Cytb tree (Fig 2.3), while all five groups were monophyletic in the 
Rbp3 tree (Fig 2.4). The Argenteus-Gurkha clade was placed in a polytomy with 
agrarius-chevrieri-peninsulae and speciosus clades with weak support in the Cytb 
tree (PP=0.71) (Fig 2.3). While in the Rbp3 tree contained a polytomy with the 
relationships between Argenteus-Gurkha, Karstomys, and Apodemus s.s.-Sylvaemus 
clades were unresolved (Fig 2.4). 
The first split within Apodemus is estimated to have occurred about 6.99 Ma 
(95% HPD=6.52–7.51) when the Apodemus-Argenteus clade diverged from the 
Sylvaemus-Karstomys-Gurkha clade (Fig. 2.5). Apodemus s.s. and the Argenteus 
group are estimated to have diverged 6.71 Ma (95% HPD=6.18–7.21) and 
Sylvaemus+Karstomys and the Gurkha group are estimated to have diverged 6.72 Ma 
 26 
 
(95% HPD=6.24–7.28) (Fig. 2.5). Within Apodemus s.s., A. speciosus split 5.90 Ma 
(95% HPD=5.41–6.40) from other species, followed by the agrarius species group 
(A. agrarius and A chevrieri) at 5.27 Ma (95% HPD=4.83–5.73). Apodemus 
peninsulae diverged from the draco species group (A. draco, A. latronum, and A. 
semotus) at 4.98 Ma (95% HPD=4.53–5.44). The divergences within the draco 
species groups are near the Pliocene-Pleistocene boundary (Fig 2.5). Karstomys 
diverged from the Sylvaemus at 5.58 Ma (95% HPD=5.19–6.01), whereas species 
within Sylvaemus diverged near the Pliocene-Pleistocene boundary (Fig 2.5).  
 
2.5 Discussion 
2.5.1 Tribal relationships within Murinae 
Apodemini is well supported (ML=100; PP=1.00), as are most sampled tribes 
(Arvicanthini, Malacomyini, Millardini, Murini, Otomyini, Phloeomyini) of the 
Murinae except for the Hydromyini and Rattini that have moderate bootstrap and 
good posterior probability support. Relationships among tribes, however are not well 
resolved (Fig. 2.6). The early divergence of Phloeomyini has been supported by 
microcomplement fixation of albumin (Watts and Baverstock 1995) and multiple 
phylogenetic studies (Steppan et al. 2004 and 2005; Jansa et al. 2006; Rowe et al. 
2008; Fabre et al. 2012; Schenk et al. 2013; Kimura et al. 2015). The tribe Rattini is 
first to diverge within the core murines (Steppan et al. 2004; Lecompte et al. 2008; 
Schenk et al. 2013; Kimura et al. 2015; Rowe et al. 2016) whereas placement of other 
tribes varies across different phylogenetic studies (Fig. 2.6). Lecompte et al. (2008) 
and Kimura et al. (2015) have recovered Arvicanthini, Otomyini, and Millardini as 
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monophyletic whereas Schenk et al. (2013) recovered Millardini sister to 
Hydromyini. The placement of Hydromyini varied widely across different 
phylogenetic studies. An Apodemini-Malacomyini-Murini-Praomyini clade, however, 
is recovered in all phylogenetic studies but relationships within this clade are not 
congruent among these studies (Fig 2.6). Apodemini is sister to Malacomyini in most 
phylogenies however, the bootstrap or posterior probability values are generally not 
robust. 
One of the most widely used fossil calibration points that estimates the 
divergence of the Karnimata and Progonomys (fossil murines from the Siwalik 
region) clades was widely used as an estimate of the Mus/Rattus split (Jacobs and 
Downs 1994) with Mus associated with the Progonomys clade and Rattus with the 
Karnimata clade. The placement of Mus in the Progonomys clade is supported by 
gradual change from early Progonomys to Mus auctor in the in the Siwaliks (Jacobs 
and Downs 1994), whereas the placement of Rattus (along with genera now in the 
Arvicanthini) in the Karnimata clade was less certain (Patnaik 2014). Molecular 
systematics (Steppan et al. 2004) placed Rattus outside the Karnimata clade and as a 
result the Karnimata/Progonomys split was revised to date the most recent common 
ancestor of all murines (Steppan et al. 2005). Citing a lack of derived dental 
characters present in Phloeomyini not present in any Siwalik murines and progressive 
increase in derived dental characters of the Karnimata clade towards the 
Arvicanthini-Otomyini-Millardini clade members, Kimura et al. (2015) suggested the 
Karnimata/Progonomys split represented the Mus/Arvicanthis split. The use of this 
calibration point at a younger node that represents the Mus/Arvicanthis split versus 
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the older Phloeomyini/core Murinae split leads to the divergence estimates skewed 
towards older dates compared to much of the earlier literature.  
Similar to the inclusion of Rattus before robust molecular phylogenies placed 
it outside the Karnimata clade, the variable placement of Hydromyini across 
phylogenies (Fig 2.6) likely affected the dating estimates of splits within the Murinae. 
Kimura et al. (2015) include Hydromyini with the Progonomys clade whereas many 
studies placed it either outside both the Progonomys and Karnimata clades (Steppan 
et al. 2004; Lecompte et al. 2008; Schenk et al. 2013; Rowe et al. 2016; Steppan and 
Schenk 2017) or as in our case within the Karnimata clade. When the Hydromyini is 
placed outside the Progonomys and Karnimata clades, the dating estimates appear to 
be slightly older than when it is placed within either clade. This would likely affect 
the date of older divergences including the Phloeomyini/core Murinae split. Sampling 
of more loci is necessary to resolve the affinities of the Hydromyini.  
 
2.5.2 Phylogenetic systematics of Apodemus  
Our concatenated gene phylogeny (Fig 2.2) provides better resolution to 
relationships among Apodemus s.l. by sampling more loci (nine compared to four in 
Suzuki et al. 2008) and with the use of Tokudaia (sister genus of Apodemus) as a 
more appropriate outgroup comparison instead of Mus (Suzuki et al. 2008), which is 
distantly related to Apodemus by comparison. The taxa assigned by Zimmerman 
(1962) to the subgenus Alsomys, were not recovered as a monophyletic clade, 
whereas Apodemus s.s., Sylvaemus, Karstomys, Argenteus, and Gurkha were all 
recovered as monophyletic groups. Gurkha is sister to the Sylvaemus+Karstomys 
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clade with weak support (ML<50; PP=0.90) and Argenteus sister to the Apodemus s.s. 
with moderate support (ML=68; PP=1.00). The Karstomys clade, consisting of A. 
mystacinus and A. epimelas, was strongly supported and recovered as sister to the 
Sylvaemus group. Previous phylogenies of Apodemus s.l. have either grouped 
Argenteus and Gurkha together while not being able to resolve the relationships 
among the other subgenera or groups (Serizawa et al. 2000; Liu et al. 2004; Steppan 
and Schenk 2017) or grouped Apodemus s.s., Gurkha, and Sylvaemus in a polytomy 
and Argenteus sister to this clade (Suzuki et al. 2008).  
Suzuki et al. (2008) reported eight species groups:  agrarius, argenteus, 
draco, gurkha, mystacinus, peninsulae, speciosus and sylvaticus. The monotypic 
species groups (argenteus, gurkha, peninsulae, speciosus) aside, our Likelihood and 
Bayesian phylogenies strongly support the monophyly of the agrarius (ML=100; 
PP=1.00), draco (ML=100; PP=1.00), mystacinus (ML=100; PP=1.00), and 
sylvaticus (ML=100; PP=1.00) species groups. The draco species group is well 
resolved with A. latronum sister to a clade containing A. draco, A. ilex (synonym for 
A. draco), and A. semotus (ML=100; PP=1.00). Apodemus semotus, the Taiwanese 
endemic, is sister to A. ilex and A. draco (ML=100; PP=1.00). There is weak support 
for A. peninsulae as sister to the draco species group (ML=52; PP=0.91). This is in 
agreement with other phylogenies where A. peninsulae was either sister to A. semotus 
(Serizawa et al. 2000; Michaux et al. 2002) or to a clade with A. draco, A. latronum 
and A. semotus (Suzuki et al. 2008).  
However, the relationships within the sylvaticus species groups is not well 
resolved. Within the sylvaticus species group, A. pallipes and A. uralensis were 
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recovered as sister species with strong support (ML=100; PP=1.00), along with A. 
flavicollis and A. ponticus also strong support as sister taxa. The phylogeny also 
supports the conspecific status of A. witherbyi and A. hermonensis, A. pallipes and A. 
wardi, and A. uralensis and A. microps. Five lineages (A. alpicola, A. sylvaticus, A. 
flavicollis, A. witherbyi as A. hermonensis, A. uralensis, and A. pallipes as A. wardi) 
reported in Suzuki et al. (2008) as the sylvaticus species group are recovered with 
strong support along with A. ponticus which is sister to A. flavicollis and A. 
hyrcanicus. Affinities of taxa within this species group are the least resolved and 
additional phylogenetically informative characters are needed to clarify their 
relationships. 
The Cytb gene tree recovered Sylvaemus (including Karstomys) as 
monophyletic while Apodemus s.s. was paraphyletic (Fig 2.3). The Rbp3 gene tree 
recovered Sylvaemus (excluding Karstomys) and Apodemus s.s. as monophyletic (Fig. 
2.4). Both the Cytb and Rbp3 gene trees, however place Argenteus and Gurkha sister 
to each other in agreement with published phylogenies (Serizawa et al. 2000; Liu et 
al. 2004; Steppan and Schenk 2017). Single gene approaches also provided less 
robust support values and use of these loci for deeper divergences of rapidly 
diversifying lineages may be affected by the rate at which these genes mutate (Hafner 
et al. 2007; Chambers et al. 2009). Most of the relationships supported by the 
concatenated analyses that were not resolved by the single gene analyses involved 
long branches or large divergences, especially Cytb alone is not reliable for deep 
divergences since it has been shown to become saturated in fast evolving groups 
(Galewski et al. 2006) with short generation times (Nabholz et al. 2008). Rbp3 alone 
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also failed to resolve some of the deeper nodes in Apodemus, although this may be 
due to the slower mutation rate observed in Rbp3 and rapid diversification between 
the major groups which did not allow for phylogenetically informative 
synapomorphies to develop since loci with slower mutation rates are known to have 
difficulties in resolving short branches (Lanyon 1988; Hafner et al. 2007). Sampling 
additional loci leads to better loci leads to better resolution in trees with deeper 
divergences, while sampling more individuals leads to better resolution for shallower 
divergences (Maddison and Knowles 2006). Use of multiple loci with varied mutation 
rates provide better resolution compared to single gene approaches when divergence 
times are large or lineages split rapidly (Chambers et al. 2009).  
Average Cytb K2P distances between the Gurkha and Argenteus was lower 
than observed between Gurkha and Sylvaemus. Although the mean K2P distance 
between Gurkha and Apodemus s.s. was slightly greater than that between Gurkha 
and Sylvaemus, Apodemus s.s. and Argenteus were most similar based on mean K2P 
distance (Table 2.6). Genetic distances between Karstomys and other groups within 
Apodemus s.l. are also large enough to warrant placing Karstomys in its own group or 
subgenus. Moreover, the large genetic distances among the subgenera or groups of 
Apodemus are comparable to genetic distances typically observed between recognized 
genera of murines (Table 2.6) and consistent to what is reported in literature (Martin 
et al. 2000) and these distances have been used to advocate the Apodemus-Sylvaemus 
divide (Britton-Davidian et al. 1991; Mezhzherin and Zykov 1991; Martin et al. 
2000).  
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The differences between the Apodemus s.s. and Sylvaemus lineages have led 
some to suggest treating  Sylvaemus as a separate genus (Bonhomme et al. 1985; 
Britton-Davidian et al. 1991; Mezhzherin and Zykov 1991; Mezhzherin 1997; 
Pavlinov and Rossolimo 1998). Likelihood and the Bayesian phylogenies constructed 
using concatenated sequences of nine genes in this study supports the idea of four 
distinct lineages proposed by Musser and Carleton (2005). In addition, Karstomys 
cshould recognized as a divergent lineage separate from Sylvaemus. Additional loci 
may be need to be examined to resolve the position of Gurkha and Argenteus with 
strong bootstrap support, but the grouping of Argenteus with the Apodemus s.s. and 
Gurkha and Karstomys with the Sylvaemus supports the traditional classification of 
recognizing Apodemus s.l. as two groups Apodemus s.s. and Sylvaemus. However, in 
light of the recovered tree topology, ancient divergence times, and large genetic 
distances, Apodemus consists of five divergent lineages and hence the taxonomy 
should be revised to reflect this. Apodemus s.l. divided into five genera: Apodemus 
(s.s.), Argenteus, Gurkha, Karstomys, and Sylvaemus, better reflects the relationships 
recovered in this study.  
 
2.5.3 Biogeography of Apodemus 
The genus was previously thought to have been derived from European 
Progonomys through Parapodemus, and to be no older than late Turolian (8.7–7.5 
million years ago) (Freudenthal and Martín Suárez 1999). However, the discovery of 
the stephanodont pattern in fossils from the Miocene led to the conclusion that the 
Apodemus was likely older than the European Progonomys (Freudenthal and Martín 
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Suárez 1999). Progonomys from the Siwaliks of Pakistan is the only fossil Murine 
known to be older, dated at about 11.8 Ma (Jacobs et al. 1990; Jacobs and Downs 
1994). It is unclear whether Apodemus descended from the Asian Progonomys or 
independently from another Asian lineage of murines. Currently, the earliest 
Apodemus are known from early Vallesian in Miocene (11.6–9.0 Ma) of South and 
Central Europe (Martín Suàrez and Mein 1998; Freudenthal and Martín Suárez 1999). 
Apodemus is also known from Messinian in Miocene and Early Pliocene of China 
(Qui and Storch 2000; Deng et al. 2011), in addition to late Pliocene in Northwest 
India (Kotlia 1992).  
The ancestral lineage that gave rise to Apodemus was probably widespread 
and present throughout Central and Eastern Asia. Presence of the sister genus to 
Apodemus, Tokudaia, in the Ryukyu Islands south of Japan suggests either the 
common ancestor of Apodemus and Tokudaia being present in Eastern Asia or the 
East Asian Apodemus and Tokudaia being independent rations towards the east from 
Central Asia. Tokudaia and Apodemus occupy similar niches (Suzuki et al. 2000) and 
could have migrated into the Ryukyu Islands in the late Miocene, when the islands 
were thought to have been connected with mainland Asia (Ujiie, 1986; Kimura 1996). 
The habitat preference of Apodemus, broadleaf forests in temperate zones, 
could be a major contributing factor in the speciation events and the current 
distribution of species of this genus. Palaeogeographic studies suggest a global 
vegetation change causing an abrupt increase in C4 grasses 8 and 6 million years ago 
(Quade et al. 1995; Cerling et al. 1997). This is supported by shift in carbon isotopic 
composition and the decline in fossil leaves and coal lost in the late Miocene 
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sediments (Quade et al. 1995). Pliocene (5 Ma) vegetation reconstruction models 
show deciduous woodlands in Western Asia and Europe, Central Asia and Eastern 
Asia separated by large stretches of grasslands (Haywood and Valdes 2006). This is 
in contrast to the more or less continuous cover of broadleaf deciduous and mixed 
forests in the late Miocene Tortonian (11.5 Ma) vegetation reconstruction model 
(Pound et al. 2011). Change in vegetation cover would have brought about change in 
the fauna with the associated areas with woodland adapted fauna being replaced by 
grassland adapted fauna. Bayesian analyses implementing a relaxed clock model in 
BEAST estimated the divergence of the five major groups of Apodemus took place 
between 5.19 to 7.51 Ma million years ago. The divergence estimates fit the time 
frame of the global vegetation changes and it is likely that isolated in refugia created 
by the expansion of grasslands in the late Miocene contributed to the divergence of 
the major groups of Apodemus. 
Milne (2006) identified several forest refugia in Eurasia based on 
concentration of relict flora in the Mediterranean region (Greece and Turkey), Korean 
peninsula, Japan, and Southeastern China during the Tertiary, including Miocene and 
Pliocene. These refugia would also have been present during the Pleistocene dry 
phases (Ghobad-Nejhad 2011). Palynological and plant macrofossils used to 
reconstruct biomes from the last glacial maximum (LGM) in Northern Eurasia, point 
towards restricted distribution of broadleaf forests in low elevation areas around the 
Black Sea and Georgia (Tarasov et al. 2000). Smaller refugia were also present in 
Hyrcania (southeast region of the Caspian Sea) (Ghobad-Nejhad 2011). Furthermore, 
Pleistocene refugia during the LGM in the Iberian Peninsula, Italy, and the Balkans 
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(including Greece) were hypothesized based on phylogeography and hypothesized 
colonization routes of 10 taxa including mammals, arthropods, amphibians, and 
plants (Taberlet et al. 1998). These refugia present in the Pleistocene LGM were 
likely present during the dry phases during the Miocene, Pliocene, and early 
Pleistocene as well. Several Apodemus species groups can be associated with these 
refugia: (i) A. argenteus and A. speciosus in Japan; (ii) A. peninsulae and A. agrarius 
in the Korean peninsula; (iii) A. draco, A. chevrieri, A. latronum, and A. semotus in 
Southeastern China; (iv) A. mystacinus and A. epimelas in the Mediterranean; (v) A. 
sylvaticus and A. flavicollis in the Eastern European regions (Italy and Iberia); and 
(vi) A. uralensis, A. ponticus, A. witherbyi, and A. hyrcanicus in the Balkans and 
Caucasus regions. Cyclical nature of arid and moist climatic conditions from the 
Miocene to the Pleistocene would have caused forests to contract and expand, 
creating multiple opportunities for allopatric speciation when contracting forests 
formed isolated refugia. Apodemus gurkha and island endemics may have 
experienced a combination of events leading to their isolation including uplift of the 
Himalayas (Molnar 1986) and dispersal facilitated via land bridges appearing during 
the ice ages (Voris 2000). 
Other geological events taking place around the time when the groups were 
estimated to have diverged may also have played an important role in their 
differentiation. In Central Asia, much of the climactic patterns are now affected by 
the height of the Himalayan mountain range (Zhisheng et al. 2001). Uplift of the 
Himalayan range began about 40 million years ago following the collision of the 
Indian and Chinese plates (Molnar 1986) followed by a second major uplift event 
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occurred between 10 and 8 Ma significantly increasing the altitude of the Tibetan 
plateau (Zhisheng et al. 2001). The uplift of the Himalayas led to the formation of a 
rain shadow, creating the drier Tibetan plateau and Gobi Desert in Central Asia 
(Zhisheng et al. 2001). Apodemus inhabiting this region would have been extirpated 
by the dry climate that could not support broadleaf forests. The rapid uplift during the 
late Miocene and Pliocene (Molnar and England 1990; Zhisheng et al. 2001) along 
floral change south of the Himalayas (Quade et al. 1995) likely isolated A. gurkha 
between the mountains and the grasslands in Nepal.  
Island endemic species of Apodemus are found in Japan (A. argenteus and A. 
speciosus) and Taiwan (A. semotus) (Fig 2.7). According to the divergence estimates 
A. argenteus is the older lineage (median=6.71 Ma; 95% HPD=6.18–7.21) followed 
by A. speciosus (median=5.9 Ma; 95% HPD=5.41–6.4) with A. argenteus being sister 
to the Apodemus s.s. and A. speciosus being the first lineage to diverge within 
Apodemus s.s. Japan was still connected to mainland Asia in the Pliocene about 5 Ma 
(Iijima and Tada 1990). Colonization of Japan likely took place via the land bridge 
during the early Pliocene (~5 Ma) and the loss of this land bridge isolated the 
Japanese species (A. argenteus and A. speciosus) from the mainland forms facilitating 
allopatric speciation. While A. semotus is a more recent arrival to Taiwan. Sea level 
decreases during the Pleistocene (Voris 2000) allowed A. semotus to colonize Taiwan 
from mainland Asia. 
A few species of Apodemus (A. sylvaticus, A. flavicollis, A. agrarius, and A. 
peninsulae) are currently widely distributed species across Eurasia often with ranges 
overlapping those of other species of Apodemus (Fig. 2.7). Two or more species of 
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Apodemus are often found inhabit the same forest presumably by niche partitioning 
(Serizawa et al. 2000). Apodemus latronum and A. peninsulae occur sympatrically, 
however A. latronum is much larger (Suzuki et al. 2008). A. argenteus and A. 
speciosus also occur sympatrically and A. argenteus is much smaller and more 
arboreal than A. speciosus (Sekijima and Sone 1994; Musser et al. 1996). This ability 
to partition niches while inhabiting the same locality may be responsible for the 
overlapping ranges seen in the sympatric species (Sekijima and Sone 1994; Suzuki et 
al. 2003). It is unclear whether the ability of Apodemus species to occur sympatrically 
by partitioning niches aided the speciation process or it is a response to avoid 
competition after allopatric speciation has occurred and subsequent range expansion 
brings them into contact. The species pairs mentioned above, argenteus-speciosus and 
latronum-peninsulae are not sister species and moreover gigantism is seen in island 
counterparts of smaller mainland Apodemus as in the case of A. sylvaticus 
(Angerbjörn 1986), A. agrarius (Koh 1987), and sister species A. semotus (insular) 
and A. draco (mainland) (Kaneko 2011) seem to point toward differences in body size 
as a response to minimize competition rather than a mode of speciation.  
The current distribution of the five distinct lineages of Apodemus s.l. 
(Apodemus, Argenteus, Gurkha, Karstomys, and Sylvaemus) seems to have been 
driven by global climactic changes in the late Miocene that resulted in change in 
vegetation across Eurasia, and in part by the rapid uplift of the Himalayas that 
resulted in major climatic changes in Central Asia. Refugial populations of 
Apodemus, Argenteus, Gurkha, Karstomys, and Sylvaemus likely survived in East 
Asia, Japan, Nepal, Turkey, and Southern Europe respectively. The relationships seen 
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with ((Gurkha, (Sylvaemus, Karstomys)), (Apodemus, Argenteus)) is congruent with 
the geographic distribution of the taxa ((Nepal, (Europe+Western Asia, 
Turkey+Greece)), (Japan, East Asia)). The more recent speciation events that gave 
rise to the diversity within the subgenera were likely driven by the intermittent cool-
dry and moist-warm periods in the Pliocene and Pleistocene that caused the retreat 
and expansion of forested areas around Eurasia (Suzuki et al. 2003; Sakka et al. 2010; 
Fan et al. 2011).   
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Table 2.1. Distribution and morphological characters distinguishing species groups in the 
genus Apodemus by Zimmerman (1962). 
Subgenera Apodemus s.s. Alsomys Sylvaemus  
Species A. agrarius 
A. peninsulae 
A. speciosus  
A. latronum  
A. gurkha 
A. draco 
A. geisha (synonym 
of A. argenteus) 
A. sylvaticus  
A. mystacinus  
A. flavicollis  
A. microps (synonym 
of A. uralensis) 
Distribution 
Central Europe to 
eastern Asia (not 
including Japan) 
Central and eastern 
Asia, and Japan  
Western Europe to 
central Asia 
Os penis 
straight, broad basal part with fairly sharp 
constriction 
curved, gradually into 
the relatively less broad 
basal part 
Supraorbital 
ridge 
Present 
Present (except A. 
argenteus) 
Absent 
Number of 
mammae 
8 
8 
6 or 8 in A. draco and 
A. latronum 
6 
T3 on M2 absent 
absent, reduced in A. 
gurkha, occurs at low 
frequency in A. 
speciosus 
present, reduced or 
absent  
M3 Reduced 
Normal or weakly 
reduced  
Normal 
2n 
(FN) 
48 
(56) 
46–48 
(48–56) 
48 
(48–54) 
 
 
 
 
  
 
5
0
 
Table 2.2. Primers and primer sequences used to amplify target genes in this study. 
Gene Primer Sequence (5’–3’) Reference Direction 
Cytb 
 
L14274 CGAAGCTTGATATAAAAACCATCGTTG Irwin et al. (1991) Forward 
H15915 AACTGCCAGTCATCTCCGGTTACAAGAC Irwin et al. (1991) Reverse 
Rbp3 
IRBP217 ATGGCCAAGGTCCTCTTGGATAACTACTGCTT Stanhope et al. (1992) Forward 
IRBP1531 CGCAGGTCCATGATGAGGTGCTCCGTGTCCTG Stanhope et al. (1992) Reverse 
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Table 2.3. Partitioning scheme and best models chosen by PartitionFinder. Cytb 
(Cytochrome b), 12S (12S rRNA), COI (cytochrome oxidase subunit I), Fgb (fibrinogen 
beta chain), Ghr (growth hormone receptor), I7 (an olfactory receptor gene), Rbp3 
(interphotoreceptor retinoid-binding protein), Rag1 (recombination activating gene 1), 
and vWf (von Willebrand factor). Numbers following the gene names indicate codon 
position. 
Data Partitions Model 
Cytb1 GTR+I+G 
Cytb2  GTR+I+G 
Cytb3 GTR+I+G 
12S GTR+I+G 
COI1 GTR+G   
COI2 F81+I   
COI3 HKY+I+G 
vWF1, IRBP1      GTR+G   
IRBP2, vWF2      GTR+I+G 
IRBP3, vWF3      GTR+G   
RAG12            HKY     
RAG13            GTR+G   
RAG11, I71       GTR+I   
fgb1, fgb2, fgb3 SYM+G   
I72              HKY+I   
I73              GTR+G   
GHR1             HKY+G   
GHR2             GTR+I+G 
GHR3             GTR+G   
 
Table 2.4. Partitioning scheme and best models chosen by PartitionFinder. Cytb 
(Cytochrome b), and Rbp3 (interphotoreceptor retinoid-binding protein). Numbers 
following the gene names indicate codon position. 
Gene Data Partitions Model 
Cytb 
Cytb1            GTR+I+G 
Cytb2            HKY+I+G 
Cytb3             GTR+I+G 
Rbp3 
IRBP1 GTR+G 
IRBP2, IRBP3 GTR+I+G 
 
  
 
5
2 
Table 2.5. Calibration points with distribution estimates used in BEAST analyses. Prior distributions for all calibration points were set 
to lognormal and all ages are in million years before present. 
Calibrations Stem Mean Log (Stdev) Offset Median 95% CI Reference 
Arvicanthis-Mus - 0.3 1.0 11.1 11.28 11.13-12.39 Kimura et al. (2015) 
Apodemini Yes 0.0 1.19 8.93 9.93 9.03-19.23 Kimura et al. (2017) 
Arvicanthis-Otomys - 0.7 1.0 8.7 9.125 8.76-11.71 Kimura et al. (2015) 
Murini Yes 1.17 1.0 7.29 8.0 7.39-12.33 Kimura et al. (2015) 
Sylvaemus - 0.0 0.483 4.848 5.848 5.24-7.43 Schenk et al. (2013) 
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Table 2.6. Cytochrome b mean Kimura 2-parameter distance (percent) within and between Apodemus sensu lato and its recognized 
groups (Apodemus sensu stricto, Sylvaemus, Karstomys, Argenteus, and Gurkha) in comparison to select genera of Murinae. 
 N 
Within 
Group 
Between Groups  
 Syl Kar Arg Gur Tok Arv Mal Mas Mil Mus Pra Rat 
Apodemus s.s. 46 14.0 18.2 17.6 16.9 18.6 19.5 19.0 18.6 19.6 19.7 19.4 18.3 19.6 
Sylvaemus 48 10.0  18.0 18.0 18.1 19.4 19.0 18.6 19.2 19.9 18.8 17.2 19.7 
Karstomys 6 8.4   19.1 19.1 20.9 20.1 19.2 20.6 21.8 20.5 19.3 20.7 
Argenteus 6 2.2    17.1 20.2 19.1 18.4 19.6 18.2 18.7 17.9 19.1 
Gurkha 25 0.8     19.2 19.4 19.5 19.2 20.6 19.6 18.3 20.0 
Apodemus s.l. 131 15.9     19.5 19.1 18.8 19.4 20.0 19.2 17.9 19.7 
Tokudaia 5 9.1      20.4 19.2 19.6 20.6 20.8 18.4 19.3 
Arvicanthis 12 12.3       19.2 19.8 19.6 19.7 18.9 20.5 
Malacomys 8 12.6        18.9 18.6 19.8 17.1 18.5 
Mastomys 14 12.2         20.4 20.9 16.1 20.0 
Millardia 2 14.2          20.1 18.3 19.2 
Mus 41 15.8           19.3 20.2 
Praomys 14 12.7            18.5 
Rattus 15 10.5             
 
Table 2.7. Range of Cytochrome b Kimura 2-parameter distance (percent) within and between recognized groups of Apodemus sensu 
lato (Apodemus sensu stricto, Sylvaemus, Karstomys, Argenteus, and Gurkha) 
 Apodemus s.s. Sylvaemus Karstomys Argenteus Gurkha 
Apodemus s.s. 0.0–19.8 11.3–21.7 15.3–20.8 14.7–19.0 15.7–22.3 
Sylvaemus  0.0–15.3 14.0–19.6 14.7–19.7 14.8–20.0 
Karstomys   0.0–13.6 18.1–20.4 16.5–20.0 
Argenteus    0.4–3.3 15.6–17.9 
Gurkha     0.0–2.9 
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Figure 2.1. Distribution of Apodemus groups (Apodemus, Argenteus, Gurkha, and Sylvaemus) recognized by Musser and Carleton 
(2005) and Karstomys across Eurasia (shapefiles acquired from Terrestrial Mammal dataset, IUCN Red List – 
http://www.iucnredlist.org/technical-documents/spatial-data).
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Figure 2.2. Bayesian Majority rule consensus tree for Apodemini and outgroup taxa 
based on concatenated Cytb, COI, 12S rRNA, Fgb, Ghr, Rbp3, I7, Rag1, and vWf genes. 
Nodal support provided as Maximum Likelihood bootstrap (500 replicates) and Bayesian 
posterior probability values (ML/PP: only if >50%). Asterisk (*) refers to ML=100 and 
PP=1.00. Colored bars denote recognized groups of Apodemus (including Karstomys) 
and black bars denote Tribes within the subfamily Murinae recognized by Musser and 
Carleton (2005) 
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Figure 2.3. Bayesian Majority Rule consensus tree for Apodemini based on Cytochrome 
b gene. Nodal support provided as Bayesian posterior probability values below branch 
(PP only if >0.50). Branches colored to denote major groups of Apodemus; pink – 
Argenteus, blue – Apodemus, red – Gurkha, yellow – Karstomys, and green – Sylvaemus.  
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Figure 2.4. Bayesian Majority rule consensus tree for Apodemini based on Rbp3 gene. 
Nodal support provided as Bayesian posterior probability values below branch (PP only if 
>0.50). Branches colored to denote major groups of Apodemus; pink – Argenteus, blue – 
Apodemus, red – Gurkha, yellow – Karstomys, and green – Sylvaemus.  
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Figure 2.5. Fossil calibrated phylogeny of the Apodemini and outgroup taxa based on 
concatenated Cytb, COI, 12S rRNA, Fgb, Ghr, Rbp3, I7, Rag1, and vWf genes. 
Maximum clade credibility tree with median node heights and horizontal blue bars 
indicating 95% highest posterior density intervals. Calibration points (Table 2.5) denoted 
by silhouette of mice. Vertical gray bars indicate the dry periods when forests retreated, 
and grasslands expanded (dates from Cerling et al. 1997 and de Menocal 2004). 
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Figure 2.6. Tribal relationships within the subfamily Murinae as recovered in this study 
and in literature (Steppan et al. 2004; Lecompte et al. 2008; Schenk et al. 2013; Kimura 
et al. 2015; Rowe et al. 2016; Steppan and Schenk 2017). Mouse silhouettes placed at 
nodes calibrated using the Karnimata/Progonomys split. Karnimata = (Millardini, 
Arvicanthini, and Otomyini) and Progonomys = (Hydromyini, Murini, Praomyini, 
Apodemini, and Malacomyini) sensu Kimura et al. (2015). 
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Figure 2.7. Distribution of Apodemus species recognized by Musser and Carleton (2005) across Eurasia (shapefiles acquired from 
Terrestrial Mammal dataset, IUCN Red List – http://www.iucnredlist.org/technical-documents/spatial-data). 
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Chapter 3: Phylogeography of the Himalayan wood mouse (Apodemus gurkha) in 
Central Nepal 
 
3.1 Abstract 
Apodemus gurkha belongs to an ancient lineage that diverged from other 
Apodemus during late Miocene. Apodemus gurkha inhabits temperate and coniferous 
forests between 2200 m and 3600 m in Central Nepal and is classified as endangered by 
IUCN with loss of habitat and fragmentation cited as major threats. Analysis of a 690 
base region of Cytochrome b (Cytb) from 29 individuals from the southern Annapurna 
Conservation Area (ACA) and 13 individuals from the Manaslu Conservation Area 
(MCA) along with the single Cytb sequence available from GenBank (North ACA) show 
large and significant genetic differentiation between the populations from these three 
regions. The individuals group corresponding to the geographic regions in a Neighbor 
Joining analysis apart from the NJ tree constructed with Rbp3, where individuals from 
ACA form a monophyletic clade but individuals from MCA are paraphyletic. Narrow 
habitat requirement coupled with geographical barriers (Kali Gandaki River valley 
between North and South ACA and high mountain ranges between ACA and MCA) 
likely prevent gene flow as suggested by the low number of migrants (<0.02) per 
generation and large FST values between South ACA and MCA (FST=0.96273; 
p<0.00001), South ACA and North ACA (FST=0.96710; p=0.04199) and North ACA and 
MCA (FST=0.97535; p=0.05273). The mitochondrial control region (D-loop; 600bp) from 
A. gurkha from South ACA and MCA also displays a similar pattern with very limited 
gene flow (FST=0.90627; p<0.00001). However, isolation by distance cannot be rejected 
and the high FST values observed might be a product of distance rather than geographical 
barriers. In addition, individuals sequenced for nuclear gene Rbp3 also do not show any 
shared haplotypes between the regions (North ACA, South ACA, and MCA) suggesting 
the sampled A. gurkha populations are genetically distinct and consequently each 
population represents an evolutionary significant unit. Identification of evolutionary 
significant units, especially in an endangered species, can help prioritize areas for 
conservation efforts to preserve genetic diversity. Neutrality tests, Tajima’s D and Fu’s 
FS along with the mismatch distribution analyses show signatures of demographic or 
spatial expansion. Signs of demographic or spatial expansions are observed widely in 
temperate flora and fauna as their ranges contract during the glaciation events and expand 
as they recolonize areas post glaciation events. Repeated glaciation cycles during the 
Pleistocene in the Himalayas likely forced A. gurkha ranges to shift to lower elevations 
and current expansion signatures are a result of A. gurkha moving upward in elevation.  
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3.2 Introduction 
The genus Apodemus, widely distributed in temperate zones of Eurasia, is among 
the oldest extant lineages of murid rodents (Suzuki et al. 1990, 2003). Apodemus 
typically inhabit temperate broadleaf forests (Serizawa et al. 2000). Their evolutionary 
history is thought to be related to climatic changes in the Miocene and Pliocene 
(Serizawa et al. 2000) and may have been influenced by floral changes resulting in 
expansion of grassland communities and contraction of forests at the same time as there 
was a shift from C3 to C4 grasses between 8 and 6 Million years ago (Ma) (Quade et al. 
1995; Cerling et al. 1997).  
Apodemus gurkha is an ancient lineage (isolated since Late Miocene) that 
currently occupies its own monotypic group within the genus (Musser and Carleton 
2005). Apodemus gurkha occupies a small range in Central Nepal and has been collected 
from a handful of localities usually between 2200 m and 3600 m above sea level (Fig. 
3.1), both in the eastern and western temperate and coniferous forests (Musser et al. 
1996; Pearch 2011). Apodemus gurkha has been classified as endangered by IUCN due to 
the limited size of its range. Loss of habitat and habitat fragmentation has been cited to be 
major threats (Molur et al. 2005) with forested areas decreasing at an annual rate of 1.7% 
(Bhuju et al. 2007). Despite the endangered status little is known about population trends 
of this species.  
Central Nepal, where A. gurkha is distributed, marks the transition zone between 
the Eastern and Western Himalayas where the Oriental (east) and Central Asian (west) 
biogeographical realms meet (Holt et al. 2013). While, A. gurkha is present in both 
Eastern and Western Himalayas, the distribution is very limited. The delineation of the 
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eastern and western temperate forests is primarily caused by the differences in 
precipitation received by the Eastern and Western Himalayas. The Himalayas influence 
the climate and vegetation of Central Asia by acting as a barrier for moisture rich 
Monsoon winds that travel northward from the Bay of Bengal (Singh and Kumar 1997; 
Zheng et al. 2004). The winds bring more precipitation in Eastern Nepal, while Western 
Nepal is left relatively drier creating two distinct ecoregions in the Eastern and Western 
Himalayas demarcated by the Kali Gandaki river (Fig. 3.1) in Central Nepal (Singh and 
Kumar 1997; Bhuju et al. 2007).  
The topography of Central Nepal is challenging and with deep river valleys 
created by the Kali Gandaki River and numerous high mountains that separate patches of 
optimal habitats for A. gurkha (Fig. 3.1). Areas sampled for A. gurkha in this study, 
Samle (Northern Annapurna Conservation Area: ACA) and localities from Southern 
ACA (Banthanti, Ghorepani and Chitre) separated by a deep river valley, while ACA and 
Manaslu Conservation Area (MCA: Namrung, Lho, Samagaun and Samdo), are separated 
by high mountain ranges (Fig. 3.1).   
The objectives of the study are: (1) to examine the phylogeographic structure of 
A. gurkha over their known range; (2) to determine the demographic patterns and history 
of A. gurkha populations; and (3) to estimate the degree of isolation among populations 
and determine if these should be considered as evolutionary significant units. The 
topography of Central Nepal with deep river valleys created by the Kali Gandaki River 
and numerous high mountains separate patches of optimal habitats for A. gurkha. Deep 
river valleys and mountainous topography have shown to be effective barriers for 
Apodemus species (Sakka et al. 2010; Liu et al. 2012). Considering the amount of time A. 
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gurkha has been isolated in Central Nepal and the magnitude of these geographic 
barriers, I expect the populations of Himalayan wood mice to be highly structured and 
consist of several evolutionary significant units. Localities within the sampled regions 
(North ACA, South ACA, and MCA) will have better connectivity between them and 
hence increased gene flow between them and less divergence, whereas there will be 
limited gene flow between these three regions sampled and hence a population structure 
reflecting this limited genetic exchange. Identification of evolutionary significant units, 
especially in an endangered species, can help prioritize areas for conservation efforts to 
maintain the genetic diversity present within the species. 
 
3.3 Methods 
3.3.1 Specimens and taxonomic sampling 
Apodemus gurkha were sampled in 3 localities (Banthanti, Ghorepani and Chitre) 
in southern Annapurna Conservation Area (ACA; Permit no. – 10/070/071) and 4 
localities (Namrung, Lho, Samagaun and Samdo) in Manaslu Conservation Area (MCA; 
Permit no. – 1/2071/72) (Fig. 3.1). Mitochondrial Cytochrome b (Cytb), and control 
region (D-loop) were sequenced for all A. gurkha from ACA (n=29) and MCA (n=15; 2 
Cytb sequences were removed because of low quality reads). The nuclear 
interphotoreceptor retinoid-binding protein (Rbp3) gene was sequenced for one 
individual per locality from ACA (n=3) and MCA (n=4). Cytb (AB032852) and Rbp3 
(AB032859) sequences of A. gurkha from Samle (northern ACA) were obtained from 
GenBank. Apodemus pallipes sequence (AF160603) was obtained from GenBank as an 
outgroup to A. gurkha in the Neighbor-Joining (NJ) tree constructed with Cytb data. Rbp3 
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sequence from A. pallipes (RGM1; Appendix A) and Mus musculus (AF074539) was 
used as an outgroup in the NJ analyses with Rbp3 and D-loop respectively. Samle, 
Banthanti, Ghorepani, Chitre, Namrung, Lho, Samagaun and Samdo will be referred to as 
localities while North ACA, South ACA and MCA will be referred to as regions. 
 
3.3.2 DNA extraction, sequencing, and alignment 
DNA extraction and sequencing for A. gurkha captured in Nepal was carried out 
at the Center for Molecular Dynamics, Nepal (CMDN). DNA extraction was carried out 
using the DNeasy Blood and Tissue Kit (Qiagen, Germany). Approximately 25 mg of ear 
tissue stored in 95% ethanol was used for DNA Extraction. The tissue samples were air 
dried 30 minutes prior to extraction. Each tissue was cut into small pieces (approx. 20 
pieces) and was placed in 1.5 μl Microfuge tube and incubated until the tissue samples 
were completely lysed at 56°C in 180 μl of ATL (Tissue Lysis Buffer) and Proteinase K 
in a shaking incubator. DNA was finally eluted in 50 μl Elution buffer. The quantity and 
quality of the extracted DNA was assessed on a NanoVue Plus (GE Healthcare Life 
sciences) spectrophotometer. 
Cytb, D-loop, and Rbp3 were amplified with the primer pairs: L14274/H15915, 
primer 1/primer 2bis, and IRBP217/IRBP1531 respectively (Table 3.2). Cytb was 
amplified with initial denaturation at 94°C for 5 min followed by 31 cycles of 
denaturation at 95°C for 1 min, annealing at 50°C for 1 min and extension at 68°C for 1 
min and final extension at 68°C for 10 min. D-loop was amplified with initial 
denaturation at 94°C for 2 min followed by 31 cycles of denaturation at 95°C for 0.5 min, 
annealing at 50°C for 1 min and extension at 68°C for 1 min and final extension at 68°C 
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for 15 min. Rbp3 was amplified with initial denaturation at 94°C for 5 min followed by 
35 cycles of denaturation at 94°C for 1 min, annealing at 50°C for 1 min and extension at 
68°C for 1.5 min and final extension at 68°C for 10 min.  
Amplification reactions were conducted in 25 µl volumes (H2O – 16.9 μl; 5X PCR 
buffer+ MgCL2 – 5 μl; 5000 U Taq Polymerase – 0.125 μl; 10 pMol/µl Forward Primer – 
0.75 μl; 10 pMol/µl Reverse Primer – 0.75 μl; 10mM dNTPs – 0.50 μl; DNA template – 
1 μl) using OneTaq DNA Polymerase (NEB, Ipswich, MA, USA). PCR products were 
visualized with ethidium bromide after gel electrophoresis on 2 % agarose gels. ExoSAP 
(Exonuclease and Shrimp Alkaline Phosphatase) (ThermoFisher Scientific) was used to 
purify the PCR products following manufacturer’s protocol prior to sequencing reactions. 
Sequencing reactions (10 µl) were conducted with 1 μl of ExoSAP product, 3 µl primer 
(5 µM/µl), 2 µl nuclease free water and 4 µl of Ready reaction mix containing fluorescent 
tagged terminator (BigDye v3.1; Applied Biosystems). The sequencing reaction was 
further purified using Big Dye X-Terminator Purification Kit (ThermoFisher Scientific) 
(45 µl SAM solution + 10 µl Big Dye X-terminator solution along with all sequencing 
PCR product (10 µl) in a 0.5 ml tube. The purified product from the tubes were 
transferred to PCR strip tubes. The specimens were optimally diluted in ABI 310 
Sequencing Strip tubes for running the final sequencing reaction on ABI 310 avoiding the 
formation of any air bubbles in the strip tubes. Chromatograms were visualized and 
edited in Chromas 2.6.2 (Technelysium: http://technelysium.com.au/wp/chromas/). 
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3.3.3 Genetic distances and population genetic analyses 
The samples were divided into 8 populations (localities): Samle (n=1), Banthanti 
(n=1), Ghorepani (n=26), Chitre (n=2), Namrung (n=1), Lho (n=4), Samagaun (n=5), and 
Samdo (n=3) based on trapping localities; and 3 regions: North ACA (Samle), South 
ACA (Banthanti, Ghorepani and Chitre), and MCA (Namrung, Lho, Samagaun and 
Samdo) based on the presence of barriers and proximity of the trapping localities.  
Kimura 2-parameter (Kimura 1980) genetic distances between and within regions 
were estimated with MEGA6.0 (Tamura et al. 2013) based on the Cytb (1124bp), D-loop 
(600bp), and Rbp3 (1146bp) alignments of A. gurkha. Neighbor-Joining (NJ) tree from 
K2P distances with Cytb (1124bp), D-loop (600bp), and Rbp3 (1146bp) sequences were 
constructed in MEGA6.0 (Tamura et al. 2013). Median joining networks of haplotypes 
were created using PopART 1.0 (Leigh and Bryant 2015) for Cytb (690bp), D-loop 
(600bp), and Rbp3 (1146bp).  
Arlequin (Excoffier and Lischer 2010) was used to estimate the genetic variation 
and differentiation within and between populations in the three regions using Cytb 
(690bp) and D-loop (600bp) as well as the number of segregating sites (S), number of 
haplotypes (h), nucleotide diversity (π) and haplotype diversity (Hd). Neutrality tests 
including Tajima’s D and Fu’s Fs that detects and differentiates between neutral variation 
(D=0; FS=0), overdominant selection/population bottleneck (D>0; FS>0), and purifying 
selection/population expansion (D<0; FS<0) were also performed in Arlequin. 
Hypotheses on demographic history were investigated using mismatch distribution 
analyses in Arlequin. The sum of squared differences (SSD) and Harpending’s 
Raggedness Index (r) between observed and modeled mismatch distributions were 
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estimated under the sudden expansion and spatial expansion models with 10000 bootstrap 
replicates. The neutrality tests and mismatch distribution analyses were conducted on 
both Cytb and D-loop with the datasets divided into by regions. 
Population subdivision using the analysis of molecular variance (AMOVA) and 
indirect estimates of gene flow (FST) were conducted in Arlequin with 10,000 
permutations. For the AMOVA, population groups were separated into three regions 
(with populations within the region) for Cytb (690bp): north ACA (Samle), south ACA 
(Banthanti, Ghorepani and Chitre), and MCA (Namrung, Lho, Samagaun and Samdo), 
while only two regions were available for D-loop data (South ACA and MCA). Pairwise 
FST values were estimated between the three regions performed with significance level at 
p<0.05. Since no D-loop sequences were available from the North ACA, the AMOVA 
and FST for this locus were estimated only between two regions (South ACA and MCA). 
Mantel tests were performed to test for the effect of isolation by distance on both the Cytb 
and D-loop haplotypes in Arlequin. 
Discrepancy in number of haplotypes observed and the haplotypes recognized by 
PopART and Arlequin arises from these programs not accommodating sites with missing 
data. Since the Cytb sequences obtained were of unequal lengths, ACA (1124bp) and 
MCA (690bp), only the 690bp available for all individuals in the dataset were used for 
analyses in PopART and Arlequin. 
 
3.4 Results 
When near full length (1124 bp) sequences available for Cytochrome b were 
compared, 19 haplotypes were observed in the 29 individuals from the south ACA while 
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truncating the sequences to match the length of sequences from MCA (690bp) reduced 
the number of haplotypes to 6 (Table 3.2). In the 13 individuals from MCA 3 haplotypes 
of Cytb (690 bp) were observed (Table 3.2). North ACA consisted of a single sequence 
unique from the haplotypes observed in South ACA and MCA. The 600 bp alignment of 
D-loop sequences revealed 16 haplotypes in total with 9 haplotypes in South ACA and 7 
in MCA (Table 3.2). Among the 7 individuals sequenced for Rbp3, 6 haplotypes were 
observed with 3 haplotypes each in south ACA and MCA (Table 3.2). No haplotypes of 
Cytb, D-loop, or Rbp3 were shared between North ACA, South ACA, and MCA.  
Median joining networks show clustering of haplotypes by regions (North ACA, 
South ACA, and MCA) but no structuring by localities within the regions (Fig 3.2). The 
Cytb sequences of A. gurkha from MCA were distinct from North ACA and South ACA 
sequences with 18 and 12 base differences respectively between the most similar 
haplotypes (Fig. 3.2A). South and North ACA differed by at least 14 base differences 
(Fig 3.2A). Cytb haplotypes only differ by 1–3 bases within regions (Fig 3.2A).  As for 
the Rbp3 sequences, Hap1 and Hap2 which occur in South ACA differed by 12 bases 
from each other while Hap1 differed only by 2 bases from the most similar haplotype 
occurring in MCA (Hap3) (Fig 3.2B). Rbp3 haplotype from North ACA differs from 
haplotypes in MCA by 11–19 bases and South ACA by 13–25 bases (Fig 3.2B). The two 
closest D-loop haplotypes between South ACA and MCA differ by 26 bases while within 
the regions the haplotypes differ only by 1–13 bases (South ACA) or 1–7 bases (MCA) 
(Fig 3.2C). 
The individuals cluster by locality in Neighbor Joining (NJ) trees for both 
mitochondrial loci (Fig 3.3A and B). In the NJ tree for the nuclear Rbp3, samples from 
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localities in the South ACA formed a single cluster, however, localities from MCA were 
not all contained in a single cluster. NMR6 from Namrung (Hap3 in Fig 3.2A) was 
excluded from the cluster of sequences from South ACA and the other sequences from 
the MCA albeit with weak bootstrap support (Fig 3.3C). Both Cytb and Rbp3 NJ trees 
which include sequences from North ACA recover a South ACA-MCA cluster to the 
exclusion of the North ACA sample (Fig 3.3A and C). 
Mean K2P distances between regions were much greater compared to within 
regions for all genes sequenced (Table 3.3.). The AMOVA also shows great 
differentiation between the regions with variation among regions accounting for most of 
the observed variation (Cytb=96.05%; D-loop=88.25%) (Table 3.4). Variation among 
regions (between South ACA, North ACA and MCA) and within populations is 
significant with p<0.00001 and p=0.00293 respectively, but not within regions for Cytb 
(Table 3.4). Similarly, for D-loop, AMOVA is significant among regions (p<0.00001) 
and within populations (p=0.02911) but not within regions (Table 3.4).  
FST estimated using Cytb were very high and significant between regions MCA-
South ACA (0.96273; p<0.00001), and MCA-North ACA (0.96710; p=0.04199). FST 
between South and North MCA though high was marginally not significant (0.97535; 
p=0.05273). FST estimated using D-loop was highly significant between South ACA and 
MCA (FST=0.90627; p<0.00001). Number of migrants per generation between the three 
regions were all less than 0.02 indicating highly restricted geneflow. Mantel tests showed 
significant correlation between FST and geographic distance for both Cytb (p=0.0025) and 
D-loop (p=0.0129), hence isolation by distance cannot be rejected (Fig 3.4). 
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More haplotypes were observed in South ACA compared to MCA, however more 
individuals were also sampled from South ACA. Cytb haplotype and nucleotide diversity 
of South ACA and MCA were comparable, however, D-loop haplotype diversity in MCA 
was much higher as was the nucleotide diversity (Table 3.5). Taking into consideration, 
the full 1124bp sequences of Cytb for South ACA resulted in increased molecular 
diversity. Neutrality tests yielded mostly negative values with Tajima’s D and Fu’s FS of 
South ACA for both Cytb and D-loop being significantly different from zero. Tajima’s D 
of MCA for Cytb also significantly deviated from zero and is negative (Table 3.5). A 
negative value for Tajima’s D and Fu’s FS is generally indicative of either purifying 
selection or population expansion. 
 Sum of Squared Deviations (SSD) & Harpending’s Raggedness Index (r), 
indicate the observed mismatch distributions are not significantly different the models of 
mismatch distributions expected under sudden population expansion or spatial expansion 
(Table 3.6). The exception is MCA for the D-loop, which indicates the hypothesis of 
population expansion can be rejected with a marginally significant p-value (0.0479) 
(Table 3.6). In all other instances, the hypothesis of sudden demographic expansion and 
spatial expansion of the populations cannot be rejected (Table 3.6). Mismatch 
distributions observed for the regions with multiple sequences available, South ACA and 
MCA, show close alignment with the simulated distributions under sudden population 
and spatial expansion for Cytb, whereas for D-loop, the observed distributions are distinct 
and bimodal compared to the simulated distributions (Fig 3.5). 
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3.5 Discussion 
3.5.1 Population structure and conservation genetics of Apodemus gurkha  
Considering the mitochondrial genes, Cytb and D-loop, A.s gurkha populations 
show some structure between regions but not within regions. Individuals sampled from 
Annapurna and Manaslu Conservation Areas in Central Nepal do not share any 
haplotypes between them, however haplotypes are shared between localities within these 
regions. In addition, the single GenBank sequence from Samle, in North ACA is very 
distinct compared to haplotypes sequenced in this study. However, with the nuclear Rbp3 
gene, fewer differences were observed between one South ACA haplotype (Hap1) and 
several MCA haplotypes compared to the number of differences between the two 
divergent haplotypes observed in South ACA and other haplotypes observed in the MCA 
(Fig 3.2B). The median joining networks and Neighbor Joining trees from mitochondrial 
loci also suggest that the three regions are genetically distinct, especially the faster 
evolving mitochondrial genes. Neighbor Joining trees for both nuclear and mitochondrial 
Cytb genes indicated that the sequences from the South ACA and MCA are genetically 
more similar and that the sequences from the North ACA are quite different (Fig 3.3).  
AMOVA of the Cytb data revealed significant differences among regions (South 
ACA, North ACA and MCA populations: p=0.00293) and within populations 
(p<0.00001), but not within regions (p=0.25611). Variation among regions accounted for 
96.05 percent of variation observed while variations between and within populations are 
much lower at 0.39 and 3.56 percent respectively. FST was significant between South 
ACA and MCA (FST=0.96273; p<0.00001) and between South ACA and North ACA 
(FST=0.96710; p=0.04199±0.0065). FST between North ACA and MCA was marginally 
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not significant (FST=0.97535; p= 0.05273±0.0066) which is likely due to North ACA 
being represented by only a single sequence. AMOVA of D-loop data also revealed 
differences among regions (South ACA and MCA populations: p=0.02911) and within 
populations (p<0.00001), but not within regions (p= 0.07416). Variation among regions 
accounted for 88.25 percent of variation observed while variations between and within 
populations are much lower at 3.86 and 7.89 percent respectively. FST was significant 
between South ACA and MCA (FST=0.90627; p<0.00001) and no D-loop data was 
available from the North ACA. The bulk of variation observed in both mitochondrial 
markers is between regions demonstrating the high levels of divergence between regions. 
Whereas, the lack of variance within regions suggests that geneflow among the localities 
sampled within each region is sufficient to prevent differentiation. 
Apodemus gurkha is distributed in Central Nepal and usually occurs in forested 
and shrublands between 2200 m and 3600 m (Abe 1982). The narrow habitat 
requirements and elevational distribution of A. gurkha may limit its occurrence. 
Furthermore, the topography of central Nepal is challenging with several geographical 
barriers in the shape of high mountain ranges and deep river valleys (Fig. 3.1). The Kali 
Gandaki river valley, and Annapurna and Manaslu mountain ranges are major barriers to 
dispersal in Central Nepal. The localities sampled in North ACA, South ACA and MCA 
experience limited geneflow evidenced by the extremely high FST values (>0.9) with 
geographical barriers between these regions acting to limit gene flow. Restricted gene 
flow can lead to genetically distinct populations or evolutionary significant units (ESUs) 
that need to be considered to conserve the genetic diversity within the species since 
conserving a species also means conserving the diversity within the species (Avise 2005). 
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Geographic distance correlates well with FST levels between populations and 
isolation by distance cannot be rejected in part due to the small number of sampled 
localities (Fig. 3.1). Lack of intermediately distant localities are likely contributing to the 
correlation of FST and geographic distance. The FST and geographic distance values 
usually fell in one of two categories: high FST and large geographic distance or low FST 
and short distance, thus forming two clusters of values that influenced the correlation 
observed in the Mantel tests (Fig 3.4). 
Clearly, the three regions sampled are genetically distinct and thus represent three 
ESUs. Localities from North ACA and South ACA are separated by a deep river valley, 
while the ACA and MCA are separated by high mountain ranges (Fig 3.1). It is likely that 
fragmentation of habitat by topography plays a large role in structuring of the A. gurkha 
populations. It is also important to consider that more ESUs may be present outside the 
sampling localities and may need to be taken into consideration in conservation planning 
for A. gurkha. Current sampling only reflects populations in the Eastern and Central part 
of the known distribution of A. gurkha (Fig 3.1). Sampling the entire range is essential to 
understanding the effect of topography and fragmentation on the population structure of 
A. gurkha especially in the western part of the range where habitat may be more 
fragmented due to the lower amount of precipitation (Bhuju et al. 2007). Unfortunately, 
the sampling effort in western part of the range yielded no A. gurkha captures (see note 
on occurrence of A. gurkha in the sampled region at end of discussion) and efforts to 
sequence museum specimens of western A. gurkha (FMNH 142105 and 142106) from 
the Field Museum of Natural History was unsuccessful with the samples being 
contaminated with human DNA. 
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3.4.2 Genetic diversity and demographic history of Apodemus gurkha 
Molecular diversity indices (haplotype and nucleotide diversity) estimated for the 
populations of A. gurkha are relatively lower compared to other Apodemus species 
reported in literature (Table 3.7). Overall haplotype diversity of Cytb is high in South 
ACA and the nucleotide and haplotype diversity is comparable to what is observed in 
Apodemus (Table 3.7) when the full 1124bp sequence of Cytb is utilized in the analyses. 
Molecular diversity within MCA would probably be higher than observed, in the scenario 
where more complete Cytb sequences become available. Haplotype diversity estimated 
by the D-loop, however, is much lower than that reported for Apodemus sp. in the 
literature while nucleotide diversity is higher (Table 3.7). The higher nucleotide diversity 
overall is due to the highly divergent haplotypes found between regions. The molecular 
diversity indices estimated in this study may be affected by small sample sizes in some of 
localities as well as limited number of localities sampled. A more intensive sampling 
effort is required provide better estimates of the genetic diversity within A. gurkha. 
The demographic history of the A. gurkha populations was investigated using 
tests for neutrality (Tajima’s D and Fu’s FS) to detect selection, bottlenecks or population 
expansion. Neutral variation is implied by D=0; FS=0, D>0; FS>0 is indicative of 
overdominant selection or population bottleneck and D<0; FS<0 is the signature of 
purifying selection or population expansion. The significant values of Tajima’s D and 
Fu’s FS are all negative inferring either purifying selection or population expansion. Sum 
of Squared Deviations (SSD) & Harpending’s Raggedness Index (r) was used to test for 
sudden population expansion and spatial expansion. The SSD and r were not significant 
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for most populations under either the sudden population expansion or spatial expansion 
models. An exception for SSD MCA D-loop was marginally significant (Table 3.6). The 
hypotheses of sudden demographic expansion or spatial expansion of the populations 
cannot be rejected, perhaps with the exception for MCA D-loop. 
Analyses reveal that assumption of constant population size or no selection is 
violated and there are signs and signatures of population expansion. Signatures of 
demographic and spatial expansion are commonly detected in many organisms inhabiting 
temperate zones and is mainly attributed to the recolonizations of areas freed by the 
retreat of ice sheets after major glaciation events (Pielou 1991; Hewitt 2000). Numerous 
studies have detected signatures of postglacial expansion of populations in mammals 
(Galbreath and Cook 2004; Lessa et al. 2003; Korsten et al. 2009; Wójcik et al. 2010), 
birds (Boulet and Gibbs 2006; Qu et al. 2010; Pulgarín-R et al. 2012), reptiles (Guiher 
and Burbrink 2008), and plants (Hwang et al. 2003; Hoarau et al. 2007; Gao et al. 2015). 
Phylogeographic studies of Apodemus have also noted signatures of demographic 
expansions indicating post-glacial recolonizations (Michaux et al 2005; Sakka et al. 2010; 
Fan et al. 2012; Liu et al. 2012; Suzuki et al. 2015).  
Apodemus gurkha are currently distributed at an elevational range between 2200 
m and 3600 m. Among the sampled areas in ACA and MCA, the Kali Gandaki river 
valley and parts of the Budhi Gandaki river valley show evidence of extensive glaciation 
(Fort 2004). Glaciers extended as low as 1580 m in MCA (Fort 2004) with Macha Khola, 
a major tributary of the Budhi Gandaki river, showing signs of glaciation down to 2150 m 
∼70–40 thousand years ago (ka) and between 2450m and 3400 m ~13 ka (Zech et al. 
2003). The Kali Gandaki river valley and the Annapurna region also experienced 
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glaciation as low as 1130 m in parts of the southern slopes (Owen et al. 2000). The 
signatures of population/spatial expansion detected are likely due to A. gurkha 
recolonizing the higher elevation areas that were previously under glaciers. 
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Table 3.1. Primers and primer sequences used to amplify target genes in this study. 
Gene Primer Sequence (5’–3’) Reference Direction 
Cytb 
L14274 CGAAGCTTGATATAAAAACCATCGTTG Irwin et al. (1991) Forward 
H15915 AACTGCCAGTCATCTCCGGTTACAAGAC Irwin et al. (1991) Reverse 
D-loop 
primer 1 ATAAACATTACTCTGGTCTTGTAAAC Bellinvia (2004) Forward 
primer 2bis CACAGTTATGGAAGTCTTGG Bellinvia (2004) Reverse 
Rbp3 
IRBP217 ATGGCCAAGGTCCTCTTGGATAACTACTGCTT Stanhope et al. (1992) Forward 
IRBP1531 CGCAGGTCCATGATGAGGTGCTCCGTGTCCTG Stanhope et al. (1992) Reverse 
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Table 3.2. Haplotypes and associated Specimen IDs from alignments of Cytb (1124bp and 690bp), D-loop (600bp), and Rbp3 
(1146bp). Specimen IDs represented as three letter codes indicating locality and specimen number. South Annapurna Conservation 
Area (South ACA): BTT – Banthanti, GPN – Ghorepani, CTR – Chitre; Manaslu Conservation Area (MCA): NMR – Namrung, SGN 
– Samagaun, SAM – Samdo, LHO – Lho (details in Appendix A). 
Hap ID 
Cytb (1124bp) Cytb (690bp) D-loop (600bp) Rbp3 (1146bp) 
N Specimen ID N Specimen ID N Specimen ID N Specimen ID 
Hap1 1 BTT4 1 BTT4 16 
BTT4, GPN2, GPN3, GPN4, 
GPN8, GPN9, GPN10, GPN11, 
GPN13, GPN14, GPN15, GPN32, 
GPN33, GPN34, GPN37, GPN38 
2 BTT4, GPN5 
Hap2 1 GPN2 23 
GPN2, GPN3, GPN4, GPN5, GPN6, 
GPN7, GPN8, GPN9, GPN10, GPN11, 
GPN12, GPN15, GPN18, GPN19, 
GPN20, GPN21, GPN32, GPN33, 
GPN34, GPN37, GPN38, CTR1, CTR2 
2 GPN5, GPN6 1 CTR1 
Hap3 3 GPN3, GPN4, GPN9 1 GPN13 4 GPN7, GPN12, GPN18, GPN19 1 NMR6 
Hap4 1 GPN5 1 GPN14 2 GPN20, GPN35 1 SGN5 
Hap5 1 GPN6 1 GPN31 1 GPN21 1 SAM1 
Hap6 5 
GPN7, GPN11, 
GPN19, GPN37, 
CTR1 
2 GPN35, GPN36 1 CTR1 1 LHO15 
Hap7 1 GPN8 11 
NMR6, SGN1, SGN2, SGN4, SGN5, 
SAM1, SAM2, LHO10, LHO13, LHO14, 
LHO15 
1 CTR2   
Hap8 1 GPN10 1 SGN3 1 GPN31   
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Hap9 5 
GPN12, GPN15, 
GPN21, GPN34, 
GPN38 
1 SAM3 1 GPN36   
Hap10 1 GPN13   1 NMR6   
Hap11 1 GPN14   5 
SGN1, SGN2, SAM1, SAM3, 
SGN3 
  
Hap12 1 GPN18   2 SGN4, SGN5   
Hap13 1 GPN20   1 SAM2   
Hap14 1 GPN31   3 LHO13, LHO6, LHO15   
Hap15 1 GPN32   2 LHO10, LHO14   
Hap16 1 GPN33   1 LHO7   
Hap17 1 GPN35       
Hap18 1 GPN36       
Hap19 1 CTR2       
Hap20 11 
NMR6, SGN1, 
SGN2, SGN4, SGN5, 
SAM1, SAM2, 
LHO10, LHO13, 
LHO14, LHO15 
      
Hap21 1 SGN3       
Hap22 1 SAM3       
 86 
 
Table 3.3. Cytb (1124bp), D-loop (600bp), and Rbp3 (1146bp) Kimura 2-parameter 
distance (percent) within and between regional populations of Apodemus gurkha. 
Gene Region N 
Within 
Region 
Between Regions 
South 
ACA 
MCA 
D-loop South ACA 29 3.5 NA 6.7 
 MCA 15 0.8  - 
Cytb North ACA 1 * 2.1 2.5 
 South ACA 29 0.1 - 1.6 
 MCA 13 0.1  - 
Rbp3 North ACA 1 * 1.5 1.2 
 South ACA 3 0.7 - 0.8 
 MCA 4 0.4  - 
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Table 3.4. Analysis of molecular variance using mitochondrial Cytb and D-loop for Apodemus gurkha populations (Samle, Banthanti, 
Ghorepani, Chitre, Namrung, Lho, Samagaun, and Samdo) in North and South Annapurna Conservation Area (ACA) and Manaslu 
Conservation Area (MCA) regions of Central Nepal. Analyses for D-loop do not contain any samples from North ACA (Samle). 
Gene Level of Population Hierarchy Phi-statistic % variation Value p-value 
Cytb Within populations ST 3.56 0.96441 <0.00001± 0.00000 
 Among populations within regions SG 0.39 0.09857 0.25611± 0.01418 
 Among regions GT 96.05 0.96052 0.00293± 0.00164 
D-loop Within populations ST 7.89 0.92106 <0.00001±0.00000 
 Among populations within regions SG 3.86 0.32844 0.07416±0.00272 
 Among regions GT 88.25 0.88246 0.02911±0.00141 
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Table 3.5. Genetic diversity indices and Neutrality tests (Tajima’s D and Fu’s FS) results for Apodemus gurkha populations in North 
and South Annapurna Conservation Area (ACA) and Manaslu Conservation Area (MCA) regions of Central Nepal.  
Gene Phylogroup N S h π Hd 
Tajima's 
D 
p-value Fu's FS p-value 
Cytb 
(690bp) 
North ACA 1 0 1 0 1±0.0000 0 1 0 NA 
 South ACA 29 6 6 
0.000694  
±0.000689 
0.3744 
±0.1130 
-1.978* 0.002 -4.152* 0.002 
 MCA 13 3 3 
0.000670 
±0.000704 
0.2949 
±0.1558 
-1.652* 0.029 -0.689 0.1 
 Overall 43 31 10 
0.008959 
±0.004822 
0.6578 
±0.0639 
-0.4683 0.3659 2.4735 0.8419 
Cytb 
(1124bp) 
South ACA 29 16 19 
0.002169 
±0.001347 
0.9433 
±0.0272 
-1.3729 0.0692 -16.323* <0.0001 
D-loop South ACA 29 13 9 
0.002882 
±0.001923 
0.6847 
±0.0899 
-1.589* 0.038 -2.851* 0.047 
 MCA 15 17 7 
0.007746 
±0.004511 
0.8571 
±0.0645 
-0.449 0.358 0.531 0.615 
 Overall 44 48 16 
0.023839 
±0.012092 
0.8488 
±0.0459 
1.0384 0.8881 2.9790 0.8624 
N = sample size, S = number of segregating sites, h = number of haplotypes, π = nucleotide diversity, Hd = haplotype diversity. *=significantly different from zero. 
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Table 3.6. Mismatch distribution analyses, Sum of Squared Deviations (SSD) & Harpending’s Raggedness Index (r), to test 
hypotheses of sudden population expansion or spatial expansion for Apodemus gurkha populations in North and South Annapurna 
Conservation Area (ACA) and Manaslu Conservation Area (MCA) regions of Central Nepal. 
Expansion Model Gene Phylogroup SSD SSD (P-value) r r (P-value) 
Sudden Population Cytb North ACA 0 0 0 0 
  South ACA 0.00002 0.9307 0.16358 0.7061 
  MCA 0.01085 0.4395 0.33481 0.5738 
 D-loop South ACA 0.02072 0.4665 0.09153 0.5091 
  MCA 0.07803* 0.0479 0.14177 0.105 
Spatial Cytb North ACA 0 0 0 0 
  South ACA 0.00001 0.9509 0.16358 0.7155 
  MCA 0.00297 0.583 0.33481 0.657 
 D-loop South ACA 0.01268 0.6573 0.09153 0.6561 
  MCA 0.06828 0.1338 0.14177 0.2936 
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Table 3.7. Genetic diversity (Hd= haplotype diversity; π = nucleotide diversity) indices for Apodemus sp. in literature. Overall Hd and 
π included if reported outside brackets; range of Hd and π observed within phylogroups (populations) in brackets. 
Species 
Cytb D-loop 
Reference 
π Hd π Hd 
A. agrarius (0.0055-0.0114) (0.772-1.000) - - Sakka et al. (2010) 
A. chevrieri 0.026 0.978 - - Yue et al. (2012) 
A. peninsulae (0.0013-0.0147) (0.833-1.000) - - Sakka et al. (2010) 
A. speciosus 
0.0161 
(0.0024-0.0110) 
0.990 
(0.556-1.000) 
0.0143 
(0.0033-0.0144) 
0.991 
(0.607-1.000) 
Suzuki et al. (2015) 
A. draco 
0.0381 
(0.0010-0.0084) 
0.982 
(0.500-1.000) 
- - Fan e al. (2012) 
A. ilexa 
0.021 
(0-0.021) 
0.993 
(0-1.000) 
- - Liu et al. (2012) 
A. semotus - 
0.715 
(0-1.000) 
- - Hsu et al. (2001) 
A. latronum 
0.021 
(0.007-0.011) 
0.992 
(0.833-0.994) 
- - Fan et al. (2011) 
A. flavicollis (0.0054-0.150) (0.952-0.992) - - Michaux et al. (2005) 
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A. sylvaticus (0.0052-0.0087) (0.965-0.981) - - Michaux et al. (2005) 
A. argenteus 
0.0109 
(0.0021-0.0101) 
0.980 
(0.933-1.000) 
0.0177 
(0.0042-0.0216) 
0.963 
(0.874-1.000) 
Suzuki et al. (2015) 
A. gurkhab 
0.0089 
(0.0000-0.0007) 
0.658 
(0.295-1.000) 
0.0238 
(0.0029-0.0077) 
0.849 
(0.685-0.857) 
This study 
A. gurkhac 0.002169  0.9433  - - This study 
a A. ilex Thomas, 1922 a synonym for A. draco (Barrett-Hamilton, 1900) 
b Low π and high Hd estimates result from North ACA population with only a single sequence 
c π and Hd for 1124bp length Cytb sequences from South ACA 
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Figure 3.1. Distribution of Apodemus gurkha in Central Nepal. Blue – Manaslu Conservation Area, red – North Annapurna 
Conservation Area, green – South Annapurna Conservation Area, and black open circles – museum specimens sampled in Pearch 
(2011). Major river valleys indicated by dotted light blue line and mountain ranges labelled in dark blue. Grey areas indicate areas 
between 2200 m and 3600 m above sea level.
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Figure 3.2. Median joining network of haplotypes of (A) Cytb (690bp), (B) Rbp3 
(1146bp), and (C) D-loop (600bp) sequences of Apodemus gurkha from the North and 
South Annapurna Conservation Area (ACA) and Manaslu Conservation Area (MCA) 
regions of Central Nepal. Haplotype IDs are consistent with Table 3.2. The size of the 
circles is proportional to the frequency in which the haplotypes occur, each hatch on the 
lines denote a single nucleotide difference between haplotypes and the localities are 
indicated by colors. Black nodes indicate hypothetical haplotypes not sampled in this 
study. 
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Figure 3.3. Neighbor Joining tree of Apodemus gurkha constructed with (A) Cytb 
(1126bp), (B) Rbp3 (1146bp), and (C) D-loop (600bp) sequences (number of bootstrap 
replicates =1000) from the North and South Annapurna Conservation Area (ACA) and 
Manaslu Conservation Area (MCA) regions of Central Nepal. 
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Figure 3.4. Mantel tests correlating pairwise FST and geographic distance between 
localities using (A) Cytochrome b and (B) D-loop markers. 
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Figure 3.5. Mismatch distribution of mitochondrial Cytochrome b (A–D) and D-loop (E–
F) sequences for Apodemus gurkha in South Annapurna Conservation Area (A, C, E, G) 
and Manaslu Conservation Area (B, D, F, H) regions of Central Nepal under the sudden 
population expansion model (A–B, E–F) and spatial expansion model (C–D, G–H). 
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Chapter 4: Phylogenetic relationships and biogeography of the Hybomys division 
(Muridae: Murinae: Arvicanthini), rodents endemic to Africa’s rainforests, with 
assessment of the taxonomic status of Typomys Thomas, 1911 
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4.1 Abstract 
The Hybomys division (Muridae: Murinae: Arvicanthini) consists of 3 genera (Hybomys, 
Dephomys, and Stochomys) endemic to the Guineo-Congolian rainforests of central 
Africa. Hybomys is the most species rich of the 3 genera, containing 7 species divided 
into 2 well defined subgenera, H. (Hybomys) and H. (Typomys), whose relationship and 
taxonomic status remain debated. Based on sequences from 2 mitochondrial (Cytb, 12S 
rRNA) and 2 nuclear (Rbp3, Ghr) genes, we present a fossil-dated, molecular phylogeny 
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of the Hybomys division, including for the first time, representatives of H. (Typomys). 
Hybomys sensu lato was not recovered as monophyletic in maximum likelihood or 
Bayesian analyses; instead species of Typomys were sister to Hybomys proper and the 
sister genera Dephomys and Stochomys. Mitochondrial genetic distances between 
Hybomys and Typomys are comparable to intergeneric distances among recognized 
genera of Arvicanthini. Phylogenetic results and genetic distance data, along with many 
morphological differences, support recognition of Hybomys and Typomys as separate 
genera. We estimate the origin and early diversification of the Hybomys division in the 
late Miocene, slightly preceding the radiation of most arvicanthine genera that inhabit 
savanna biomes. The historical biogeography of the Hybomys division is closely tied to 
the Guineo-Congolian rainforests where hypothesized forest refugia resulting from 
aridification cycles of the Neogene and Pleistocene, and savannah and river barriers 
facilitated speciation. 
 
Key Words: Afromontane, Dahomey Gap, Guineo-Congolian Region, Upper 
Guineal, nomenclature, striped mouse, hump-nosed mouse, Hybomys planifrons, 
Hybomys trivirgatus, Miocene refugia.  
 
4.2 Introduction 
The Hybomys division (Murinae: Arvicanthini) was coined by Musser and 
Carleton (2005) to circumscribe 3 genera of murid rodents—Dephomys, Hybomys, and 
Stochomys—all confined to rainforest landscapes of Subsaharan Africa (Fig. 4.1B). 
Although Dephomys and Stochomys each contain only 2 or 1 species, respectively, the 
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oldest named taxon, Hybomys, is more speciose, with 6 or 7 valid species in recent 
synopses (Musser and Carleton 2005; Carleton 2013; Denys et al. 2014). The generic 
limits of Hybomys were debated soon after Thomas’s (1910) original description (type 
species = Mus univittatus Peters, 1876) based on a species from Gabon. One year later, 
Thomas (1911) named the genus Typomys (type species = Mus trivirgatus Temminck, 
1853) to embrace a morphologically distinctive form from Ghana. Notwithstanding 
Thomas’s diagnoses as separate genera, the subsequent taxonomic history of the 
Hybomys and Typomys has been closely intertwined; most systematists have supported 
their synonymy, with or without explicit retention of Typomys as a subgenus (Ingoldby 
1929; Hayman 1935; Allen 1939; Ellerman 1941; Rosevear 1969; Misonne 1974; Van 
der Straeten and Verheyen 1982; Carleton and Robbins 1985; Musser and Carleton 1993, 
2005; Carleton 2013). 
In a pivotal morphometric study, Van der Straeten (1984) revived the issue of 
Hybomys and Typomys as distinct genera. His multivariate analyses of craniodental 
dimensions disclosed a stronger similarity of Hybomys (Hybomys) to samples of 
Dephomys than to those of Hybomys (Typomys), a phenetic relationship that persuaded 
him to recognize Typomys as a valid genus. While acknowledging Van der Straeten’s 
(1984) results and taxonomic recommendation, Musser and Carleton (2005) enumerated 
many qualitative morphological characters shared by Hybomys and Typomys that jointly 
set them apart from Dephomys. They elected to maintain Typomys as a well-defined 
subgenus, while advising broader surveys of character variation among murids 
indigenous to Africa’s rainforests to better illuminate the most appropriate taxonomic 
rank accorded Typomys. Recent molecular studies, incorporating a combination of 
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mitochondrial and nuclear genes, have grouped species of H. (Hybomys) with those of 
Stochomys and Dephomys in a strongly defined clade (Lecompte et al. 2008; Schenk et al. 
2013; Missoup et al. 2016; Steppan and Schenk 2017). Although such molecular results 
lend support to the recognition of a Hybomys division within Arvicanthini, the 
conspicuous absence of members of Typomys sensu stricto leaves unresolved the 
questions of its phyletic kinship and correlative taxonomic status. 
The phylogenetic reality of a Hybomys division and interrelationships among its 
constituent genera hold significance in view of the climatic history of the Guineo-
Congolian rainforests these rodents inhabit. Biogeographers have divided Africa’s 
Guineo-Congolian Region into several major forest blocks (Fig. 4.1A) and identified 
biogeographic zones within each block based on major river barriers and savanna 
intrusions, notably the Dahomey Gap (Booth 1958; Happold 1996). Climatic fluctuations 
have certainly affected expansion and contraction of Guineo-Congolian rainforests (Plana 
2004) and left their imprint on the evolutionary histories of faunas that are reliant upon 
them, as reflected by the speciation patterns hypothesized for a wide variety of rainforest 
mammals (Chapman 1983; Carleton and Robbins 1985; Quérouil et al. 2003; Gaubert et 
al. 2004; Bohoussou et al. 2015; Hassanin et al. 2015) and birds (Mayr and O’Hara 1986; 
Fjeldså 1994; Smith et al. 1997; Fjeldså and Bowie 2008). In light of this engaging body 
of research, we note that the 4 genus-group taxa of interest here—Dephomys, Hybomys, 
Stochomys, and Typomys—exhibit discrete distributions within various subregions of the 
Guineo-Congolian Region (Fig. 4.1B). 
In this study, we developed a robust molecular phylogeny, employing 2 
mitochondrial (Cytb and 12S rRNA) and 2 nuclear (Rbp3 and Ghr) genes, to investigate 
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the systematics of the Hybomys division, Tribe Arvicanthini. Our specific objectives are: 
(1) to broadly survey arvicanthine species and genera to evaluate the monophyly of the 
Hybomys division sensu Musser and Carleton (2005); (2) to assess relationships among 
all 4 genus-group taxa currently assigned to the Hybomys division, including samples of 
both species currently allocated to Hybomys (Typomys); and (3) to relate the 
phylogeographic pattern and divergence age of taxa within the Hybomys division to 
influential Neogene climatic events. 
 
4.3 Materials and Methods 
4.3.1 Specimens, taxonomic sampling, and abbreviations 
The genus-group taxon of central focus, Typomys Thomas, 1911, is represented 
by fresh tissues of Hybomys (Typomys) planifrons and H. (Typomys) trivirgatus, acquired 
through expeditions to Côte d’Ivoire (2002), Guinea (2003, 2008), Sierra Leone (2006), 
and Liberia (2010). Voucher specimens are deposited in the U. S. National Museum of 
Natural History (USNM), Smithsonian Institution, Washington, D. C., or in the Muséum 
National d’Histoire Naturelle (MNHN), Paris, France (Table 4.1); tissues of the USNM 
vouchers are maintained at the University of Vermont Natural History Museum. Gene 
sequences for other genera and species of the Hybomys division sensu Musser and 
Carleton (2005) were obtained either from fresh tissues—Dephomys defua, H. (Hybomys) 
univittatus (Table 4.1)—or from accessions downloaded from GenBank—Dephomys 
defua, H. (Hybomys) lunaris, H. (Hybomys) univittatus, Stochomys longicaudatus 
(Appendices E and F). 
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Musser and Carleton (2005) did not recognize formal tribes of Murinae (see 
Discussion), but allied the 126 murine genera they considered valid into 29 divisions, 
including the Hybomys division. To inform selection of sister groups and second-order 
outgroups, we relied upon hierarchical relationships divulged by recent, taxonomically 
broad molecular phylogenies of Murinae and accompanying tribal reclassifications 
(Lecompte et al. 2008; Schenk et al. 2013; Missoup et al. 2016; Steppan and Schenk 
2017). Thus, we included an exemplar of Deomyinae (Acomys) as sister-group to 
Murinae and selected generic representatives of several murine tribes (Apodemini, 
Millardini, Murini, Otomyini, Phloeomyini, and Rattini) as potential outgroups to 
Arvicanthini, all based on sequences obtained from GenBank (Appendices A and B). We 
underscore that the Tribe Arvicanthini, which includes the genera of the Hybomys 
division (Lecompte et al. 2008), the hypothesized ingroup, is well covered among our 
genetic samples and numbers 43 species representing 18 arvicanthine genera (Table 4.1, 
Appendices E and F). 
Morphological terms used to describe cranial and dental features of murine 
rodents, as mentioned in the Discussion, are defined and/or illustrated in Rosevear (1969) 
and Carleton and Robbins (1985). The upper-case and lower-case abbreviations M1–3 
and m1–3 are employed to individually identify upper (maxillary) and lower (dentary) 
molars, respectively. In reporting Results, we adopted the parenthetical convention for 
conveying subgeneric rank, e.g., Hybomys (Hybomys) univittatus or Hybomys (Typomys) 
trivirgatus. We contracted the International Code of Zoological Nomenclature, 4th 
Edition (International Commission on Zoological Nomenclature 1999), to the “Code” and 
abbreviated its authorship as ICZN, together with the year and relevant article. 
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4.3.2 DNA extraction, sequencing, and alignment 
DNA extraction was carried out using the Gentra Puregene Mouse Tail Kit 
(QIAGEN). Approximately 5-10 mg of liver tissue stored in 95% ethanol was soaked 
briefly in sterile distilled water (Kilpatrick 2002) before being ground to a fine powder in 
liquid nitrogen and incubated overnight at 55°C in 300 μl cell lysis solution and 1.5 μl 
Proteinase K. Extracted DNA was air dried overnight and rehydrated with 50 μl of sterile 
water. The quantity and quality of the extracted DNA was assessed on a NanoDrop 1000 
(Thermo Scientific) spectrophotometer. 
Ctyochrome b (Cytb) was sequenced in three parts with the primer pairs CytbA 
and CytbE, Bath3 and 752R, and Ru13 and End2 or CytbG and CytbJ (Table 4.2). 
Primers 12S-1S and 12S-3’GW were used to sequence the entire 12S rRNA or 12S-1S 
and 12S-2’NS, and 12S-2NS and 12S-3’GW were used to sequence in two parts (Table 
4.2). Interphotoreceptor retinoid-binding protein (Rbp3) was sequenced with the primer 
pair IRBP119A2 and IRBP8F and growth hormone receptor exon 10 (Ghr) was 
sequenced in two parts with primer pairs GHREXON10 and GHR8, and GHR7 and 
GHR2 (Table 4.2). Cytb and 12S rRNA were amplified with 35 cycles with denaturation 
at 94°C for 1 min, annealing at 50°C for 1 min and extension at 72°C for 1 min. Rbp3 and 
Ghr were amplified with 40 cycles with denaturation at 94°C for 1 min, annealing at 
58°C for 1 min, and extension at 72°C for 1 min.  
Amplification reactions were conducted in 25 µl volumes with PuRe Taq Ready-
To-Go PCR Beads (GE Healthcare Life Sciences). PCR products were visualized with 
ethidium bromide after gel electrophoresis on 1.2% agarose gels. ExoSAP (Exonuclease 
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and Shrimp Alkaline Phosphatase) (ThermoFisher Scientific) was used to purify the PCR 
products. Sequencing reactions (15 µl) were conducted with 1-2 μl of ExoSAP product, 1 
mM primer (forward or reverse), nuclease free water and flourescent tagged terminator 
(BigDye v3.1; Applied Biosystems). Sephadex columns were used to purify the products 
of the sequencing reaction before they were fractionated on an Applied Biosystems 373 
automated DNA sequencer. Chromatograms were visualized and edited in Chromas 2.6.2 
(Technelysium: http://technelysium.com.au/wp/chromas/). 
Two mitochondrial (Cytb and 12S rRNA) and two nuclear (Rbp3 and Ghr) genes 
were included in the analyses. Cytb (1140 bp), Rbp3 (1236 bp) and Ghr (921 bp) were 
aligned using ClustalW (Thompson et al. 1994) in Mesquite 3.31 (Maddison and 
Maddison 2017); whereas, 12S rRNA (1094 bp) was aligned in two steps, first using 
MAFFT (Katoh and Standley 2013) and then adjusted by eye.  
 
4.3.3 Genetic distance, phylogenetic analyses, and divergence times 
Kimura 2-parameter genetic distances (= K2P; Kimura 1980) between genera and 
within species were estimated using MEGA6.0 (Tamura et al. 2013), based on Cytb 
alignments of individuals in Table 4.1 and select Arvicanthini (Appendix F). To calculate 
genetic distances, Hybomys s.s. and Typomys were treated as separate groups (genera), 
whereas other species were grouped into their respective genera as currently recognized 
(i.e., Happold 2013; Missoup et al. 2016). 
The concatenated data set was divided into four individual partitions a priori with 
each gene (Cytb, 12S rRNA, Rbp3, Ghr) treated as a single partition. Partition finder 
2.1.1 (Lanfear et al. 2016) was used to determine the best partitioning scheme and best 
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model for each partition based on the AIC criterion (Table 4.3) under a likelihood 
framework using PhyML (Guindon et al. 2010) and the greedy algorithm (Lanfear et al. 
2012). 
Maximum likelihood (ML) analysis was conducted with GARLI 2.0 (Zwikl 2006) 
for the concatenated sequences with 500 bootstrap replicates using the appropriate 
models (Table 4.3). The majority rule consensus tree (MRC) of bootstrap results was 
constructed in Mesquite. A partitioned Bayesian analysis was conducted on the CIPRES 
portal (Miller et al. 2010) using the models from Table 4.3 for the concatenated dataset in 
MrBayes 3.2.3 (Ronquist and Huelsenbeck 2003). Two simultaneous runs of 10,000,000 
generations with sampling every 1000 generations were carried out. The MrBayes log 
files for both runs were examined in Tracer 1.6 (Rambaut et al. 2014) and a burn-in of 
1,000,000 generations was set for each run. The runs were combined after discarding the 
burn-in and the MRC tree with posterior probability values was constructed in Mesquite. 
Timing of divergence among clades was estimated using the Bayesian relaxed-
clock model implemented in BEAST 1.8.0 (Drummond and Rambaut 2007) using the 
concatenated dataset with 4 partitions. Two calibration points from Kimura et al. (2015) 
were used: Arvicanthis-Mus (lognormal prior distribution; Mean: 0.3; Log(Stdev): 1.0; 
Offset: 11.1; Median: 11.3 million years [Ma]; 95% interval: 11.1–12.4 Ma) and 
Arvicanthis-Otomys (lognormal prior distribution; Mean: 0.7; Log(Stdev): 1.0; Offset: 
8.7; Median: 9.1 Ma; 95%: 8.8–11.7 Ma). The BEAST analysis was run for 100,000,000 
generations, sampling trees and parameters every 2000 generations. The BEAST log file 
was examined in Tracer 1.6 (Rambaut et al. 2014) and a burn-in of 10,000,000 
generations was set. TreeAnnotator (Drummond and Rambaut 2007) was used to 
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generate a maximum clade credibility tree by discarding the first 10,000,000 generations. 
Geological time elapsed since a most recent common ancestor is expressed either in 
million years ago (= Ma—Miocene, Pliocene, and Pleistocene) or in years before present 
(= yr BP—Holocene). Posterior age estimates from BEAST analyses are expressed with 
associated 95% highest posterior densities (= 95% HPD).   
 
4.4 Results 
Molecular definition of the Tribe Arvicanthini based on the 4 genes sequenced 
herein received convincing support (ML= 93; PP = 1.00) and concurred with the generic 
contents identified by Lecompte et al. (2008). ML and Bayesian phylogenetic analyses 
recovered the Hybomys division, sensu Musser and Carleton (2005), as monophyletic, 
strongly supported by bootstrap and posterior probability metrics (ML = 88; PP = 1.00) 
and nested within the large clade of arvicanthine rodents (Fig. 4.2). The composition of 
Musser and Carleton’s (2005) Arvicanthis division also garnered appreciable support 
(ML < 50; PP = 1.00) in our total evidence tree, whereas their Aethomys and Oenomys 
divisions did not. Those genera we sampled from the Oenomys division (Oenomys, 
Grammomys, Lamottemys, Thallomys, and Thamnomys) are widely dispersed in our 
molecular phylogeny (Fig. 4.2), rendering the division polyphyletic. Micaelamys, a 
member of the Aethomys division per Musser and Carleton (2005), was recovered as 
sister group to a clade otherwise containing genera of the Oenomys division 
(Grammomys, Thallomys, and Thamnomys) and is distantly related to species of 
Aethomys. Other investigators have reported the polyphyletic nature of Musser and 
Carleton’s (2005) Aethomys and Oenomys divisions (Rowe et al. 2008; Missoup et al. 
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2016; Bryja et al. 2017). In agreement with the results of Lecompte et al. (2008), the 
Indian bush rats, Golunda ellioti, formed the sister group to all African Arvicanthini (Fig. 
4.2); Bayesian analysis offered modest support (PP = 0.70) for grouping African 
Arvicanthini apart from Asian Golunda, but ML analysis inadequately resolved this 
relationship. 
Although the 4 genus-group taxa of the Hybomys division formed a monophyletic 
group, the nominal subgenera Hybomys and Typomys were not recovered as sister taxa in 
the consensus tree (Fig. 4.2). Both species of Typomys were indisputably allied (ML = 
100; PP = 1.00) and were recovered sister to all other members of the division, the 
derivative sister clade hierarchically arranged as (Hybomys (Dephomys + Stochomys)). 
The union of Stochomys and Dephomys attained very strong support (ML = 99; PP = 
1.00). The 3 successive phyletic divergences within the Hybomys division each generated 
maximum Bayesian probabilities (PP = 1.00) and high bootstrapping values (ML = 88–
99). 
Based on Cytb, the mean genetic divergence between H. (Hybomys) and H. 
(Typomys) (K2P = 17.3%) exceeds those values as calculated between Hybomys sensu 
stricto and Stochomys (K2P = 14.0%) or Dephomys (K2P = 17.2%). The large genetic 
distance between Hybomys and Typomys is comparable to inter-generic distances derived 
among other arvicanthine genera currently considered valid (Table 4.4); moreover, the 
genetic distance between Hybomys and Typomys (K2P = 17.3%) even surpasses the mean 
and range of intergeneric distances surveyed by Baker and Bradley (2006) within 
Rodentia (mean K2P = 10.9%, range = 4.9–16.9%). 
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Our sequencing data convincingly ratify the specific distinction and close 
relationship of T. planifrons and T. trivirgatus, in spite of the past confusion over their 
taxonomic status and genus-group affinity (see Carleton and Robbins 1985). Genetic 
distance between the two species is substantial (K2P = 13.6%) and approximates that 
derived between species of Hybomys (K2P = 11.2%). Genetic distances obtained within 
species of the Hybomys division are minimal (Table 4.5), falling comfortably within the 
range of intraspecific variation summarized for Rodentia (Baker and Bradley 2006); 
however, sample sizes of Hybomys univittatus and Stochomys longicaudatus 
insufficiently represent the broad geographic compass of those taxa. The genetic distance 
derived for the two species of Typomys falls within the amount of interspecific 
differentiation subsumed by other genera of Arvicanthini (mean K2P = 9.4%; range = 
2.3–18.2%—excluding Pelomys, for which the 2 species surveyed had identical 
haplotypes). 
The divergence of the Hybomys division from other arvicanthine genera 
(excluding Golunda and Oenomys) is estimated to be 8.0 (95% HPD = 7.3–8.6) Ma, an 
origin set within the late Miocene (Fig. 4.3). After the Miocene origination of the 
division, successive phylogenetic splits led to the generic diversification within the 
Hybomys division, beginning with the Typomys (7.2; 95% HPD = 6.4–8.0 Ma), followed 
by Hybomys proper (6.4; 95% HPD = 5.5–7.3 Ma), and lastly Dephomys and Stochomys 
in the early Pliocene (4.6; 95% HPD = 3.4–5.8 Ma). Species of Typomys (T. trivirgatus 
and T. planifrons) and those of Hybomys (H. univittatus and H. lunaris) were predicted to 
separate around 3.9 (95% HPD = 2.9–4.9) Ma and 2.4 (95% HPD = 1.6–3.6) Ma, 
respectively (Fig. 4.3). 
 109 
 
 
4.5 Discussion 
4.5.1 The Hybomys division, Tribe Arvicanthini 
Musser and Carleton (2005) classified the genus-group taxa Dephomys, Hybomys 
(Hybomys), Hybomys (Typomys), and Stochomys within the Hybomys division, a 
grouping that was convincingly supported as monophyletic based on the 4 genes used to 
generate our phylogeny (Fig. 4.2). Our results corroborate certain generic relationships 
reported in past molecular studies, which depicted H. (Hybomys) univittatus as sister 
group either to Stochomys (Lecompte et al. 2008; Schenk et al. 2013; Bryja et al. 2017) or 
to Dephomys and Stochomys (Missoup et al. 2016; Steppan and Schenk 2017). With 
addition of samples of H. (Typomys), our molecular analyses recovered four well defined 
subclades within the Hybomys division; however, the phylogenetic structure inferred 
from these data failed to portray Typomys as a subgenus and junior synonym of Hybomys, 
the generic construct long accepted as valid (Ellerman 1941; Rosevear 1969; Musser and 
Carleton 2005; Carleton 2013). Instead, Hybomys sensu lato appears as paraphyletic in 
our total evidence tree (Fig. 4.2), with both species of Typomys forming a clade sister to 
the clade (Hybomys (Dephomys + Stochomys)). This well supported phylogenetic 
hierarchy invites reconsideration of the generic status of Typomys, a topic covered under 
the next subheading. 
Musser and Carleton (2005) refrained from specifying formal tribes within 
Murinae when they formulated their family-group classification of Muroidea. At the time 
(editorial deadline: June 2003), no taxonomically dense, synthetic molecular studies 
addressed the Murinae and illuminated its major lineages, in contrast to the substantial 
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literature then available for other muroid subfamilies and ample evidentiary bases for 
delineating formal tribes (e.g., see their introductory commentary to the subfamilies 
Arvicolinae, Neotominae, Sigmodontinae, and Gerbillinae). Rather than burden 
systematists with a word-scrabble of newly named tribes and complicate future 
nomenclatural issues, they elected to borrow a generic aggregative term from the 
classical literature on muroid rodents, this being the “division” of Misonne’s (1969) 
African and Indo-Australian Muridae (Musser and Carleton 2005: 1248). The division 
per se is not specifically governed by the Code (ICZN 1999), which expressly denotes 
family-group ranks (Article 35.1) and their prescribed endings (Article 29.2)—i.e., the 
superfamily (-oidea), family (-idae), subfamily (-inae), tribe (-ini), and subtribe (-ina). 
Taxonomically and geographically inclusive molecular studies have proliferated 
since 2005 and immensely improved our understanding of inter-generic relationships 
within Murinae. The innovative contribution by Lecompte et al. (2008) is especially 
relevant in this regard given its emphasis on African genera and murine tribal 
assemblages. According to their phylogenetic perspective, a view repeatedly corroborated 
by others (Fabre et al. 2013; Missoup et al. 2016; Steppan and Schenk 2017; this study), 
the Hybomys division of Musser and Carleton (2005) hierarchically corresponds to a 
subtribal rank within the Tribe Arvicanthini (see Table 4.6, footnote a). Should systematic 
mammalogists ultimately determine that these lesser clades within Arvicanthini deserve 
formal names, then proper definitions, designation of type genera, and circumscription of 
generic contents must ensue, a purpose beyond the scope of our investigation. In the 
meanwhile, the following discussion continues to employ “division” in the non-binding 
nomenclatural sense intended by Musser and Carleton (2005). 
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As a supra-generic taxon, Arvicanthini is well supported by our phylogenetic 
analyses (ML = 93; PP = 1.00), which encompass the same generic contents proposed by 
Lecompte et al. (2008). These molecular definitions of Arvicanthini embrace 6 of the 29 
murine divisions recognized by Musser and Carleton (2005): namely, the Aethomys, 
Arvicanthis, Dasymys, Golunda, Hybomys, and Oenomys divisions. Certain divisions 
(Arvicanthis, Hybomys) have received moderate to strong molecular support as 
monophyletic, whereas others (Aethomys, Oenomys) have not (see Results). Gene-
sequencing investigations convincingly buttress the allocation of the Asian genus 
Golunda, arranged in its own division by Musser and Carleton (2005), to Arvicanthini. 
Our phylogenetic tree portrayed Golunda as a sister lineage to all African Arvicanthini, 
including Oenomys (Fig. 4.2); monophyly of African arvicanthines, however, was 
statistically equivocal (ML < 50; PP = 0.70). The cognate pairing of Asian Golunda and 
African arvicanthines comports with the phylogenies presented by Lecompte et al. (2008) 
and Fabre et al. (2013), who also reported moderate support for the monophyly of all 
African Arvicanthini. Other phylogenetic studies have inconsistently represented the deep 
hierarchical relationship among Golunda, Oenomys, and core African arvicanthines, a 
variability plausibly attributable to the different combinations of taxa sampled and genes 
sequenced (Schenk et al. 2013; Missoup et al. 2016; Steppan and Schenk 2017). 
The continental area of origin of Golunda merits comment in view of its current 
distribution in Asia, as the extant species G. ellioti, and the purported Pliocene 
documentation of the genus in Africa, as the extinct species G. gurai (Hadar Formation, 
Ethiopia—Sabatier 1982). Such paleontological evidence has prompted speculation that 
Golunda originated in Africa and expanded across the Arabian Peninsula into southern 
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Asia (Jacobs 1978; Cheema et al. 2003). The presence of extinct African species of 
Millardia, also described from the Pliocene of Ethiopia (Sabatier 1982), poses a similar 
dilemma about continental origin. However, generic identifications of these Pliocene 
fossils have been disputed and weakened the argument for an African origin of Golunda 
and Millardia, genera otherwise endemic to the Indian subcontinent (Musser 1987; Denys 
1990a; Musser and Carleton 2005:1322, 1385); undisputed representatives of Golunda 
and Millardia are documented on the Indian subcontinent by early Pliocene (Patnaik 
2014). The continental origin of Golunda also remains uncertain based on its 
hypothesized sister genus Saidomys, now extinct but widely known from both Africa and 
Asia (Winkler 2002; Patnaik 2014) and thought to have originated in southern Asia 
(Winkler 2003; Manthi 2007). Phyletic affinity of Golunda with African arvicanthines, as 
revealed by recent gene-sequence studies (Lecompte et al. 2008; Fabre et al. 2013; 
Steppan and Schenk 2017; this study), brings fresh perspective to the question of 
Golunda’s biogeographic origin. As Lecompte et al. (2008) have insightfully observed, 
the ancient relationships so far disclosed among African and Eurasian tribes, in this 
instance the clade (Millardini (Arvicanthini + Otomyini)), suggest that African lineages 
had already differentiated prior to their colonization of Africa. The sister group Millardini 
consists of several extant genera that are, like Golunda, native to the Indian subcontinent. 
Thus, Golunda may be just as compellingly viewed as a phylogenetic relict of a Miocene 
faunal interchange that involved the arvicanthine-otomyine stem group. Critical 
reexamination of the various African fossils attributed to Golunda and Millardia, along 
with discovery of Neogene fossiliferous sites on the Arabian Peninsula, would do much 
to resolve this biogeographic issue.  
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4.5.2 Taxonomic rank of Typomys Thomas, 1911 
Multiple information sources now recommend reinstatement of Typomys to genus, 
as originally described by Thomas (1911) and as later argued by Van der Straeten (1984). 
As documented above, our genealogical tree of the Hybomys division failed to recover 
Hybomys sensu lato as a monophyletic taxon (Fig. 4.2). Instead, Typomys, including the 
species planifrons Miller, 1900, and trivirgatus Temminck, 1853, is represented as the 
first lineage to diverge within the division, sister group to Hybomys proper, including the 
exemplars lunaris Thomas, 1906 and univittatus Peters ,1876, and the cognate genera 
Dephomys and Stochomys. The cladistic disjunction of Hybomys and Typomys on the 
consensus tree concords with the large genetic distances recorded between them and 
among the other genera recognized within the Hybomys division and Tribe Arvicanthini 
(Tables 4.4, 4.5). 
Morphological contrasts between species of Hybomys and Typomys are numerous 
and substantial as so far documented (here as consolidated from Thomas 1911; Ingoldby 
1929; Rosevear 1969; Carleton and Robbins 1985; and Carleton 2013). Species of 
Typomys lack the pectoral pair of mammae (0 + 2 = 4); those of Hybomys possess a 
pectoral pair (1 + 2 = 6). The t9 (metacone) in the upper molars of Typomys is diminutive 
in size, usually absent in the M2; a well-defined t9 occurs on both the M1 and M2 in 
nearly all specimens of Hybomys. Accessory cusps (anteromedian, anteorlingual, 
posterolingual) irregularly occur along the m1 cingula in examples of Typomys; such 
supplementary enamel structures commonly embellish the m1 cingula in members of 
Hybomys. The upper and lower first molars in Typomys are anchored by 3 and 2 roots, 
respectively, a formula interpreted as the ancestral character state in Muroidea; accessory 
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rootlets uniformly occur in samples of Hybomys, the M1 4- or 5-rooted and the m1 4-
rooted. Most examples (< 7%) of Typomys lack an alisphenoid strut; this strut, a bridge of 
the alisphenoid bone dividing the masticatory-buccinator foramen and foramen ovale 
accessorius, is present in most Hybomys (> 90%). The optic foramen is large, 
approximating the size of the sphenoidal fissure, in examples of Typomys; the optic 
foramen is smaller, noticeably less than the area of the sphenoidal fissure, in Hybomys. 
Specimens of Typomys and Hybomys differ in their cranial architecture, 
displaying visually obvious shape contrasts that were captured in Rosevear’s (1969) 
characterization of the “Typomys-type” versus “Hybomys- type” skull. Key shape features 
involve the development of the incisive foramina (relatively shorter but wider in 
Typomys; long and narrow in Hybomys), zygomatic plate (narrower, anterior edge 
slanted, forming a shallow zygomatic notch in Typomys; wider, anterior edge vertical, 
incising a deep zygomatic notch in Hybomys), interorbital region (broader with amphoral 
supraorbital borders in Typomys; narrower with cuneate borders in Hybomys), and 
mandible (gracile and slender, with deep angular notch in Typomys; robust and deeper, 
with shallow angular notch in Hybomys). Predictably, such conspicuous shape differences 
would find quantitative rigor in variable loading coefficients derived in traditional 
morphometric investigations, in which the first factor extracted, whether in principal 
component or discriminant function analyses, sharply segregated specimens of Typomys 
and Hybomys without overlap in multivariate space (Carleton and Robbins 1985; Van der 
Straeten 1984; Van der Straeten and Verheyen 1982). 
Hybomys and Typomys may also be distinct in their chromosomal complement 
based on the species karyotyped to date (Carleton and Robbins 1985). Karyograms of 
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Typomys are characterized by lower diploid and fundamental numbers (2n = 35–43; FN = 
40–43) compared with the higher figures reported for populations of Hybomys (2n = 44–
48; FN = 46–48). 
In summary, the phylogenetic, genetic, morphological, morphometric, and 
chromosomal data currently marshaled unambiguously reinforce one another and advise 
recognition of Typomys Thomas, 1911, as a genus distinct from Hybomys Thomas, 1910, 
bringing the number of genera in the Hybomys division to 4 (Table 4.6). 
Biogeography of arvicanthine rodents and emergence of the Hybomys division.—
The middle to late Miocene was an eventful period that saw major faunal interchange 
between Africa and Eurasia, a movement of ancestral stocks facilitated by lower sea 
levels, a global trend toward cooler and drier climates, and the intermediacy of the 
Arabian Plate between southern Asia and northeastern Africa (see summaries in Cox 
2000; Wessels 2009; Morley and Kingdon 2013). Certainly, African landscapes were 
integral to the phylogenesis of murine rodents, the continent’s Subsaharan region 
containing representatives of 5 of the 10 tribes formally recognized to date (sensu 
Lecompte et al. 2008). Two of these tribes, Malacomyini and Otomyini, are endemic to 
Subsaharan Africa; the taxonomic diversity of two, Arvicanthini and Praomyini, is 
principally confined to this region; the tribal distribution of only one, Murini, extends 
across Africa and Eurasia. Arvicanthini numbers some 88 species representing 19 genera 
(including 1 genus and species in Asia –Hoffman et al. 2009; Denys et al. 2011; Happold 
2013; Monadjem et al. 2015; Bryja et al. 2017) and is the largest of the 5 African tribes, 
compared with the Malacomyini (1 genus, 3 species – Happold 2013), Otomyini (2 
genera, 31 species– Taylor et al. 2011; Happold 2013; Monadjem et al. 2015), Praomyini 
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(9 genera, 55 species– Hoffman et al. 2009; Happold 2013; Carleton et al. 2015), and 
Murini (2 genera, 20 species native to Africa– Happold 2013). The initial entry of murine 
rodents into Africa transpired around 9 to 12 Ma, an interval bracketed by both fossil 
records (Jacobs et al. 1990; Winkler 1994; Jacobs and Flynn 2005) and molecular 
chronograms calibrated to key “paleontological events” (Lecompte et al. 2008; Steppan 
and Schenk 2017). Like the rapid diversification of core Murinae into its tribal-level 
lineages (Fabre et al. 2013; Kimura et al. 2017; Steppan and Schenk 2017), the murine 
stem groups that entered Africa also underwent an explosive radiation commensurate 
with the continent’s vastness and its geological, climatological, and ecological 
heterogeneity. 
Our estimates for the most recent common ancestor of the clades Otomyini-
Arvicanthini (9.0; 95% HPD = 8.7–9.5) and Arvicanthini (8.4; 95% HPD = 7.7–9.0 Ma) 
are among the older dates obtained in recent molecular studies, which collectively range 
from 6.0 to 8.6 Ma (Table 4.7), a time range uniformly corresponding to the late Miocene 
(Fig. 4.3). Fossils assignable to living arvicanthine genera date from the late Miocene 
through early Pliocene, around 5 to 7 Ma (e.g.: Aethomys—Denys 1990b, Manthi 2007; 
Arvicanthis—Denys 1999, Winkler 2002; Lemniscomys—Manthi 2007). The radiation of 
Arvicanthini coincides with a prolonged period of cooler, dryer climate, about 6 to 8 Ma 
(Fig. 4.3), and the accompanying proliferation of grasslands and open woodlands (Maley 
1996; Morley and Kingdon 2013; Plana 2004). The expansion of grasslands and 
concomitant retreat of high forests over this period are firmly documented, drawing upon 
palynological records (Morley and Richards 1993; Morley et al. 2003) and isotopic 
evidence that tracks the pronounced increase in C4 grasses (Poaceae) that now dominate 
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tropical ecosystems (Cerling et al. 1997; Sage et al. 2012). Subsaharan biomes support by 
far the greatest biodiversity within Arvicanthini (see species accounts in Happold 2013), 
with only 3 species recorded outside this region—2 in northern Africa and the single 
Asian extralimital, Golunda ellioti, in the Indian subcontinent. Many arvicanthine 
genera—such as Aethomys, Arvicanthis, Grammomys, Lemniscomys, Rhabdomys, 
Thallomys—typically constitute the ecologically abundant, small-mammal guild that 
populates Africa’s grasslands and moorlands, bushlands and shrublands, savannas and 
woodlands, and all ecological gradations between those coarse descriptions of habitat. 
In contrast to such open environments, species of the Hybomys division are 
denizens of closed-canopied, deep forest, the Guineo-Congolian Region of White (1983). 
According to our fossil-calibrated phylogeny (Fig. 4.3), the origin of the Hybomys 
division dates from 8.0 (95% HPD = 7.7–9.0) Ma, consistent with a late Miocene 
(Tortonian) appearance, but a slightly older time frame than disclosed in other molecular 
studies (Table 4.7). The Hybomys division is among the earliest clades to separate within 
Arvicanthini, following the divergence of the Golunda and Oenomys lineages and 
preceding the many branches that evolved into the extant genera that inhabit Africa’s 
expansive grasslands and savannas. The same chronological order of divergences within 
Arvicanthini was captured in other molecular studies (Lecompte et al. 2008; Fabre et al. 
2013). Nonetheless, the branch lengths are short and nodal support weak, statistically 
rendering early branches as a polytomy (e.g., as depicted by Missoup et al. 2016). Appeal 
to other genes, perhaps coupled with more precise determinations of common ancestry 
illuminated by paleontological investigation (Jacobs and Downs 1994; Kimura et al. 
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2015, 2017), may amplify statistical confidence in the early cladogenesis of Arvicanthini 
and its primal association with Guineo-Congolian rainforest. 
Closed-canopied, tropical rainforest developed by the late Cretaceous, and as of 
the middle Miocene climatic optimum, it extended coast to coast across the equatorial 
zone of central Africa (Maley 1996; Morley and Kingdon 2013). The antiquity of these 
lowland forests and their relatively stable climatic regime are thought to have provided 
optimal conditions for sustaining ancient lineages (paleoendemics) and minimizing 
extinctions (Moritz et al. 2000); these expectations are generally supported by the 
concentration of genealogically older species within Guineo-Congolian rainforests, 
sometimes characterized as “museums” of biodiversity (Fjeldså and Bowie 2008; 
Murienne et al. 2012). Those sectors within the Guineo-Congolian Region that harbor 
exceptional species richness and high endemism (Fig. 4.4A), whether of plants or 
animals, decidedly support the notion of former rainforest refugia (Maley 1996; Plana 
2004; Fjeldså and Bowie 2008; Hardy et al. 2013; Levinsky et al. 2013). The Miocene 
emergence of the Hybomys division (Fig. 4.3) and the geographic complementarity of its 
generic and specific distributions apropos subdivisions of the Guineo-Congolian Region 
(Figs. 1B, 4B) intimate a similar biogeographic history. 
In addition to the Hybomys division, Africa’s lowland rainforests have formed an 
important ecogeographic crucible of evolution within other groups of Murinae. Such 
forest-dwelling murines are commonly derived from the deepest branch within the 
taxonomic group of interest. The rufous-nosed rats, Oenomys, are the first lineage to split 
among African Arvicanthini in most gene-sequencing studies with taxonomically broad 
sampling (Lecompte et al. 2008; Fabre et al. 2013; Missoup et al. 2016; Steppan and 
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Schenk 2017; this study). Although populations of Oenomys prefer moist, dense habitats 
within high forest, the areal distribution of the genus closely adheres to the Guineo-
Congolian Region (Dieterlen 2013). Among the species groups of Grammomys 
(Arvicanthini) identified by Bryja et al. (2017), the oldest lineage, the G. poensis 
assemblage, is restricted to the Guineo-Congolian Region and diverged appreciably 
earlier (ca. 8.2 Ma) compared with the 4 groups distributed in various savanna 
environments (ca. 6.6 Ma). Another old murine lineage tied to the Guineo-Congolian 
Region is represented by Malacomys, the swamp rats whose early isolation among 
African Murinae (ca. 10.2 Ma) has been recognized as the Tribe Malacomyini, sister 
group to Eurasian Apodemini (Lecompte et al. 2008; Fabre et al. 2013; Steppan and 
Schenk 2017). The Praomyini contain several genera (Heimyscus, Hylomyscus, Praomys) 
whose distribution and ecology are intimately connected with lowland forests of the 
Guineo-Congolian Region and whose diversification has been related to river systems 
and savanna corridors within it (Nicolas et al. 2005, 2006, 2008, 2010; Missoup et al. 
2012).  
 
4.5.3 Taxonomic diversification within the Hybomys division 
The following discussion entails 3 assumptions. (1) The common ancestor of the 
Hybomys division inhabited lowland rainforest, whether dwelling in forest proper or in 
environments dependent upon evergreen moist forest. This supposition seems reasonable 
in view of the association of all living species with rainforest environments, primary or 
secondary, and the tight distributional coalignment of the division with the Guineo-
Congolian Region (Figs. 1B, 4B). (2) Speciation has transpired as an allopatric process, 
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with vicariant barriers such as dry savannas or impassable rivers fragmenting ancestral 
populations and promoting genetic differentiation. Authoritative synopses of many 
tropical organisms encourage acceptance of this assumption (e.g., Moritz et al. 2000; 
Plana 2004; Fjeldså and Bowie 2008). We lack requisite sample sizes and fine-scaled 
geographic representation to adequately test whether our cladogram fits a parapatric 
speciation model consistent with differentiation along some environmental gradient. (3) 
Descendant species within the Hybomys division have retained the essential ecological 
characteristics and physiological tolerances of their distant Miocene ancestors. The 
question of niche conservatism must remain an inference in view of our fragmentary 
ecological knowledge of the forest species under study and the absence of any fossils of 
the 4 genera that might support paleoenvironmental interpretation. 
Distributional limits and divergence times within the Hybomys division accord 
with certain biogeographic patterns that have emerged from studies of other African taxa 
(e.g., Moritz et al. 2000; Plana 2004; Fjeldså and Bowie 2008; Levinsky et al. 2013). 
Species that inhabit lowland rainforests have broader distributions (Figs. 1B, 4B), 
occupying nearly the full extent of the Congo Basin (Hybomys univittatus, Stochomys 
longicaudatus) or West African high forest (Dephomys defua, Typomys trivirgatus). On 
the other hand, those species of Hybomys found in montane rainforest have 
geographically restricted distributions—namely, H. lunaris in the Albertine Rift (Mount 
Rwenzori) and H. badius, H. basilii, H. eisentrauti in the Cameroon Volcanic Line 
(Mount Oku, Bamenda Highlands, Bioko Island), mountain systems located at the 
periphery of the Congo Basin (Fig. 4.4B). Although naturally discontinuous within 
Subsaharan Africa, White (1983) unified these isolated highlands of wet forest as the 
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Afromontane Region. The single montane species available for gene sequencing, H. 
lunaris, is among the youngest to have appeared within the Hybomys division, sharing 
common ancestry with H. univittatus of the Congo Basin (Fig. 4.3); their divergence is 
dated to the early Pleistocene, following a dry phase (2.5 to 2.8 Ma) when forests would 
have retreated and conceivably isolated the H. lunaris progenitor in a montane refugium. 
Biogeographic studies of Afrotropical resident birds have consistently identified the 
Albertine Rift as a region of rich endemism where phylogenetically younger species are 
concentrated (De Klerk et al. 2002; Fjeldså et al. 2007; Fjeldså and Bowie 2008). In 
contrast, those sister taxa of the Hybomys division that inhabit lowland forest—
(Dephomys + Stochomys) and (Typomys planifrons + T. trivirgatus)—were estimated to 
have diverged in the middle Pliocene, ca. 3.5–4.5 Ma (Fig. 4.3), antedating the climatic 
oscillations of the Pleistocene. Common ancestors of these cognate species originated in 
the late Miocene. 
According to our fossil-calibrated consensus tree (Fig. 4.3), the 4 descendant 
genera within the Hybomys division arose during the late Miocene (Messinian) and early 
Pliocene, sequentially delineated by 3 major lineage splits at approximately 7.2 
(Typomys), 6.4 (Hybomys), and 4.6 Ma (Dephomys-Stochomys). Only the youngest of 
these phyletic divisions gave rise to genera that are now wholly allopatric, the 
distributions of Dephomys and Stochomys approaching one another in the region of the 
Dahomey Gap (Fig. 4.1B). Living descendants of the 2 older branching episodes are 
partially or fully overlapping in their areal distributions (Fig. 4.5), indicating considerable 
range expansion and secondary contact following their divergence (again, assuming an 
allopatric speciation process). Thus, Typomys is broadly sympatric with Dephomys in 
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Upper Guinea forest and with Stochomys in Lower Guinea west of the Niger River; 
whereas, the distribution of Hybomys overlaps that of Stochomys in Lower Guinea and 
Congolia (Figs. 4.1B, 4.5). Post-isolation range expansion and secondary geographic 
overlap are similarly necessary to account for the specific distributions of Typomys, 
following their separation in the middle Pliocene (Fig. 4.3). The ranges of T. planifrons 
and T. trivirgatus intersect in the western reaches of the Upper Guinea forest block, in the 
area of the hypothesized Liberian refuge (Fig. 4.4). 
Plausible rainforest refugia exist on either side of the Dahomey Gap (Fig. 4.4A), a wide 
swath of Sudan-like savanna that reaches the Atlantic coast and separates West African 
rainforest into the Upper Guinea and Lower Guinea sectors (Fig. 4.1B). The contiguous 
distributional boundaries of Stochomys and Dephomys straddle the Dahomey Gap and 
logically invoke a dry savanna barrier that effected their initial isolation and eventual 
phylogenetic separation. Although earlier syntheses of mammalian distributions had 
minimized the significance of the Dahomey Gap as a vicariant barrier in West Africa 
(Booth 1954; Robbins 1978), recent floristic investigations have revitalized the 
biogeographic role of the Gap and underscored its recurrent formation, demonstrably in 
younger epochs (Salzmann and Hoelzmann 2005; Duminil et al. 2013) and inferentially 
in deeper time (Couvreur et al. 2008; Plana 2004). Among members of the Hybomys 
division, the isolation of populations of Typomys trivirgatus in western Nigeria, separated 
from the main species distribution to the west of the Dahomey Gap (Fig. 4.4B), is 
plausibly interpreted as a very recent occurrence; indeed, pollen analyses document 
several Holocene fluctuations between rainforest and savanna vegetation in this region, 
the last encroachment of savanna occurring around 1100 yr BP (Salzmann and 
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Hoelzmann 2005). Common ancestry of Dephomys and Stochomys, on the other hand, is 
measured in millions of years, herein estimated within the middle Pliocene (4.6; 95% 
HPD = 3.4–5.8 Ma), and implicates a much earlier savanna corridor in the area of the 
present-day Dahomey Gap. Aside from these two examples, the long-term contraction 
and expansion of forests, coupled with secondary dispersal of descendant taxa among 
them, have obscured older zones of possible vicariance within the Hybomys division. 
Incisive localization of such Miocene distributional rifts or relevant forest refugia will 
require additional research. 
 
4.5.4 Future research needs 
The molecular evidence presented above supports the monophyly of the Hybomys 
division (Fig. 4.2), evaluates relationships and divergence times among its members (Fig. 
4.3), and recommends their taxonomic rank (Table 4.6). We also have formulated a 
preliminary interpretation of the historical biogeography of the Hybomys division, 
highlighting its intimate association with forests of the Guineo-Congolian Region since 
the late Miocene. Several research avenues would improve our biogeographical 
understanding of these forest-dwelling rodents. 
(1) Foremost is the need to markedly augment geographic sampling in order to 
compare patterns of intraspecific genetic variation with interspecific relationships, 
especially those of sister species whose distributions straddle different rainforest refugia. 
Our molecular samples of Hybomys univittatus and Stochomys longicaudatus are 
small and issue from a narrow region within the Lower Guinea (Cameroon and Gabon), a 
very limited genetic representation of their broad distributions across the Congo Basin. 
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Revisions of Hylomyscus (Nicolas et al. 2008) and Praomys (Nicolas et al. 2005) from 
the same lowland rainforests caution that additional species of Hybomys and Stochomys 
may be present. Taxonomic problems within Hybomys univittatus have been identified 
(Carleton and Robbins 1985; Musser and Carleton 2005); integrated taxonomic revision 
of Stochomys is long overdue. 
 Expansion of geographic representation within Hybomys must include 
Afromontane species of both the Cameroon Volcanic Line (H. badius, H. basilii, H. 
eisentrauti) and additional samples of H, lunaris from the Albertine Rift. We suspect that 
derivation of Hybomys taxa in the Cameroon Volcanic Line will resemble the kinship 
patterns disclosed for Praomys species in those same mountains (Missoup et al. 2012); 
that is, the montane taxa are related to different sister species found in nearby lowland 
rainforest. Morphological and genetic evidence casts doubt that only one Hybomys 
species inhabits montane forests of the Albertine Rift (Musser and Carleton 2005; 
Huhndorf et al. 2007). 
 The genetic signature of Typomys trivirgatus in western Nigeria, Lower Guinea, 
invites attention in view of its isolation from the main distribution of the species in Upper 
Guinea forest, west of the Dahomey Gap (Fig. 4.4B). The Nigerian isolate had been 
named as a subspecies, pearsei Ingoldby, 1929, distinguished by its weaker definition of 
tri-linear dorsal striping compared with animals from Upper Guinea forest, which 
populations distributionally overlap T. planifrons. Does the Nigerian segment represent a 
recent expansion (Holocene) eastwards across the Dahomey Gap or an older relict 
(Pliocene) that dates from the divergence of T. trivirgatus and T. planifrons in separate 
refugia?  
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(2) Comparative phylogeographic analysis of multiple murine taxa indigenous to 
the Guineo-Congolian Region, with largely congruent distributions, may assist in 
delimiting contemporaneous episodes of speciation and in pinpointing older zones of 
vicariance. Along with members of the Hybomys division, potentially informative 
candidates include the genus Malacomys (Bohoussou et al. 2015), the Grammomys 
poensis group (Bryja et al. 2017), the Hylomyscus alleni group (Nicolas et al. 2006, 2008, 
2010), and the Praomys tullbergi complex (Missoup et al. 2012). 
(3) In addition to simultaneous analysis of other rainforest murines, phylogenetic 
chronograms should be anchored with defensible fossil constraints.  Given the extensive 
overlap in the terminal taxa represented, genes sampled, and phylogenetic methodology 
applied, the differences in age estimates shown in Table 4.7 largely result from how 
fossils from the Siwalik Group of Pakistan were used to calibrate the tree (see footnote a).  
These fossils have been used to justify a divergence time of ca. 12 Ma for Mus/Rattus 
(Lecompte et al. 2008) or Mus/Phloeomys (Fabre et al. 2013; Schenk et al. 2013; 
Missoup et al. 2016; Steppan and Schenk 2017). Our study is unique among these in 
incorporating the important research by Kimura et al. (2015), who reinterpreted the 
Siwalik fossils to indicate a Mus/Arvicanthis calibration at 11.2 Ma.  Future molecular 
estimates of evolutionary divergence should continue to integrate the ever-improving 
paleontological database, adding calibration at more nodes appropriate to the scope of 
phyletic inquiry, incorporating uncertainty regarding the phylogenetic affinities of fossil 
taxa, and justifying the shape of Bayesian priors. 
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Table 4.1. Tissue numbers, voucher specimens, and species for material newly sequenced in this study (● indicates genes sequenced 
for each specimen). 
Tissues Specimens Species Locality Country Cytb 12S Rbp3 Ghr 
1865 USNM 588809 Hybomys planifrons Simandou Range, Pic de Fon, Guinée Forestière Guinea MF992069 MG701906 MF992081  
1866 USNM 588797 Hybomys planifrons Simandou Range, Pic de Fon, Guinée Forestière Guinea MF992070    
2505 USNM 584605 Hybomys planifrons Foret Classé Mt. Béro, N'Zérékoré, Guinée Forestière Guinea 1 MG701905   
2506 USNM 584606 Hybomys planifrons Foret Classé Mt. Béro, N'Zérékoré, Guinée Forestière Guinea 1    
2588 
USNM 584890 Hybomys planifrons 
Kakutan at Seli River crossing to Masumarandugu; 
Bumbuna Hydroelectric Project, Northern Province Sierra Leone 
MF992071  7 MF992083 
1844 USNM 583908 Hybomys trivirgatus Siahe, 19 Km E, 2 Km N. Haute Dodo Forest Côte d'Ivoire MF992068    
1845 USNM 583909 Hybomys trivirgatus Zagne, 33 Km W. Cavally Forest Côte d'Ivoire 2    
P0603 
MNHN-ZM 
2011-338 Hybomys trivirgatus 
Balassou, Ziama 
Guinea 
MF992067 MG701901   
P2825 
MNHN-ZM 
2017-1708 Hybomys trivirgatus 
Balassou, Ziama 
Guinea 
3  MF992079 MF992082 
P3870 
MNHN-ZM 
2017-1740 Hybomys trivirgatus 
Malweta, Ziama 
Guinea 
3    
P3879 
MNHN-ZM 
2017-1742 Hybomys trivirgatus 
Malweta, Ziama 
Guinea 
3 MG701900   
GA2632 
MNHN-ZM 
2017-2016 Hybomys univittatus 
Moueva, Monts Doudou 
Gabon 
MF992065 MG701902   
GA2639 
MNHN-ZM 
2017-2018 Hybomys univittatus 
Moueva, Monts Doudou 
Gabon 
4  MF992078  
GA2640 
MNHN-ZM 
2017-2019 Hybomys univittatus 
Moueva, Monts Doudou 
Gabon 
4    
GA2678 
MNHN-ZM 
2017-2025 Hybomys univittatus 
Moueva, Monts Doudou 
Gabon 
MF992066 MG701903   
1838 USNM 583897 Dephomys defua Siahe, 19 Km E, 2 Km N. Haute Dodo Forest Côte d'Ivoire MF992072 MG701907   
1839 USNM 583898 Dephomys defua Siahe, 19 Km E, 2 Km N. Haute Dodo Forest Côte d'Ivoire 5 MG701908   
1840 USNM 583899 Dephomys defua Siahe, 19 Km E, 2 Km N. Haute Dodo Forest Côte d'Ivoire 5 6   
1841 USNM 583900 Dephomys defua Zagne, 33 Km W. Cavally Forest Côte d'Ivoire MF992073 MG701909 MF992080  
1842 USNM  583901 Dephomys defua Zagne, 33 Km W. Cavally Forest Côte d'Ivoire MF992074    
2502 USNM 584603 Dephomys sp. Foret Classee Diecke, N'Zérékoré, Guinée Forestière Guinea MF992075 MG701910   
2503 USNM 584604 Dephomys sp. Foret Classee Diecke, N'Zérékoré, Guinée Forestière Guinea MF992076    
2882 USNM 598007 Dephomys defua Putu Range, Mount Jideh, Grand Gedeh Liberia MF992077 MG701904   
1 Same as MF992069, 2 Same as MF992068, 3 Same as MF992067, 4 Same as MF992065, Same as MF992072, 6 Same as 
MG701906, 7 Same as MF992081 
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Table 4.2. Primers and primer sequences used to amplify target genes in this study. 
Gene Primer Sequence (5’–3’) Reference Direction 
Cytb 
Cytb A GATATGAAAAACCATCGTTG Sullivan et al. 1997 Forward 
Cytb E CAGAATGATATTTGTCCTCA Sullivan et al. 1997 Reverse 
Bath3 GCTAAYGGRGCCTCCATATT Dávalos and Jansa 2004 Forward 
752R GCAGGAGTGTAATTATCGGGGTCTC Tiemann-Boege et al. 2000 Reverse 
Ru13 CAYGAAACHGGSTCHAAYAAYCC Dávalos and Jansa 2004 Forward 
End2 TAAGAATNTCAGCTTTGGGTGCTG Norris 2009 Reverse 
Cytb G ATAGACAAAATCCCATTCCA Sullivan et al. 1997 Forward 
Cytb J CTGCAGTCATCTCCGGTTTACAAGAC Irwin et al. 1991 Reverse 
12S 
rRNA 
12S-1S CAAAGCAAGGCACTGAAAATG McNiff and Allard, 1998 Forward 
12S-2’NS AAGCACCGCCAAGTCCTTTGAGTT McNiff and Allard, 1998 Reverse 
12S-2NS AAAACTCAAAGGACTTGGCGGTGC McNiff and Allard, 1998 Forward 
12S-3’GW TCTTTCATCTTTCCCTTGCGGTACT McNiff and Allard, 1998 Reverse 
Rbp3 
IRBP 119A2 GTCCTCTTGGATAACTACTGCTT Jansa and Voss, 2000 Forward 
IRBP 878F CTCCACTGCCCTCCCATGTCT Jansa and Voss, 2000 Reverse 
Ghr 
GHREXON10 GGRAARTTRGAGGAGGTGAACACMATCTT Adkins et al. 2001 Forward 
GHR8 TTGGCATCTGACTCACAGAAGTAGG Lecompte et al. 2008 Reverse 
GHR7 AAGCTGATCTCTTGTGCCTTGACCAGAA Lecompte et al. 2008 Forward 
GHR2 GATTTTGTTCAGTTGGTCTGTGCTCAC Lecompte et al. 2008 Reverse 
 
Table 4.3. Partitioning scheme and best models chosen by Partition Finder. 
Data Partitions Model 
Cytb GTR+I+G 
12S GTR+I+G 
Rbp3 GTR+I+G 
Ghr HKY+I+G 
 
  
 
1
4
1
 
Table 4.4. Mean genetic distances (Kimura 2-Parameter) based on Cytochrome b between the subgenera Hybomys and Typomys in 
comparison with genera of Arvicanthini currently considered valid. Genetic divergences calculated from sequences in Table 4.1 and 
Appendix F. 
Genera 
Between 
Species 
in Genus 
Between Genera 
Typ Dep Sto Aet Mic Arv Des Lem Myl Pel Rha Das Gol Gra Lam Oen Thl Thm 
Hybomys 11.2 17.3 17.2 14.0 16.2 19.1 16.7 17.9 16.8 21.6 18.2 18.7 16.6 17.2 17.1 16.1 17.4 15.6 17.2 
Typomys 13.6  20.8 18.3 17.7 19.1 17.4 16.2 18.4 20.5 17.9 18.9 17.6 16.4 18.7 18.0 19.1 16.5 19.5 
Dephomys NA   18.4 18.7 18.5 19.3 20.5 18.9 20.5 20.7 21.5 19.7 19.5 19.9 20.7 19.6 19.2 22.0 
Stochomys NA    17.2 19.1 18.6 19.1 18.6 20.6 19.2 19.9 18.1 18.6 18.0 18.2 18.4 17.3 19.2 
Aethomys 13.1     18.4 17.7 17.9 17.9 18.9 17.4 19.3 17.5 17.7 17.0 18.8 17.3 16.8 19.1 
Micaelamys NA      19.1 19.3 18.2 21.1 19.2 21.5 18.5 20.5 19.1 19.0 18.7 18.1 20.1 
Arvicanthis 13.8       17.9 17.1 19.4 17.1 18.5 17.6 18.4 18.9 18.7 18.3 17.2 20.6 
Desmomys NA        18.9 19.6 18.7 18.4 18.2 17.7 18.9 16.5 19.4 17.7 19.8 
Lemniscomys 14.3         18.6 17.1 19.0 18.3 18.5 19.2 19.0 18.7 17.7 20.3 
Mylomys NA          15.0 21.4 18.9 20.6 20.6 19.6 19.8 19.4 21.4 
Pelomys 0.0*           19.1 17.2 19.3 18.5 18.5 18.5 17.2 19.5 
Rhabdomys 13.1            20.0 21.4 20.4 19.4 19.6 18.6 21.4 
Dasymys 8.2             17.8 18.3 17.1 17.9 15.9 18.7 
Golunda NA              18.7 16.8 19.1 17.9 19.8 
Grammomys 16.5               19.8 17.9 15.7 15.8 
Lamottemys NA                20.4 18.4 20.1 
Oenomys NA                 17.8 20.0 
Thallomys 13.8                  16.8 
Thamnomys 18.2                   
NA sequences only from a single species 
*Pelomys campanae (AF141213) and Pelomys fallax (DQ022382) sequences are identical. 
 
  
  
 
1
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2
 
Table 4.5. Mean genetic distances (Kimura 2-Parameter) based on Cytb within and between species of the Hybomys division. 
  Between Species 
Species Within Species 
Dephomys 
defua Dephomys sp. 
Hybomys 
univittatus 
Hybomys 
lunaris 
Typomys 
trivirgatus 
Typomys 
planifrons 
Stochomys longicaudatus 2.3 (N= 2) 18.4 18.4 15.5 13.3 18.3 18.2 
Dephomys defua 1.7 (N = 9)  4.8 18.5 16.2 20.5 20.7 
Dephomys sp. 3.1 (N = 2)   18.5 18.6 21.7 21.6 
Hybomys univittatus 4.2 (N = 6)    11.2 17.5 19.0 
Hybomys lunaris 3.2 (N = 12)     16.2 17.8 
Typomys trivirgatus 1.2 (N = 6)      13.6 
Typomys planifrons 1.8 (N= 5)       
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Table 4.6. Revised taxonomy of the Hybomys division (Muridae: Murinae: 
Arvicanthinia), with abridged generic synonymies (first usage of unique name 
combinations) and valid species (in boldface). 
 
Hybomys Thomas, 1910 
Mus: Peters, 1876:479. Part, not Mus Linnaeus, 1758; description of univittatus. 
Mus (Isomys): Tullberg, 1893:23. Part, not Isomys Sundevall, 1843; description of 
rufocanus. 
Hybomys Thomas, 1910:85. Generic diagnosis, comparisons with Arvicanthis. 
Hybomys univittatus Group: Ellerman, 1941:136. Systematic compendium; subgenera 
per se not recognized, but conveyed as species groups. 
Hybomys [Hybomys]: Van der Straeten and Verheyen, 1982:212. Morphometric study, 
explicit recommendation of subgeneric status. 
Hybomys (Hybomys): Musser and Carleton, 1993:596. Systematic compendium, formal 
subgenera maintained, with subgeneric classification of species indicated within 
comments. 
Type species.—Mus univittatus Peters, 1876, by original designation. 
Contents.—badius Osgood, 1936:254; basilii Eisentraut, 1965:20; eisentrauti 
Van der Straeten and Hutterer, 1986:35; lunaris Thomas, 1906:145; univittatus 
Peters, 1876:479 (including rufocanus Tullberg, 1893:23). 
 
Typomys Thomas, 1911 
Mus: Temminck, 1853:159. Part, not Mus Linnaeus, 1758; description of trivirgatus. 
Arvicanthis: Miller, 1900:641. Part, not Arvicanthis Lesson, 1842; description of 
planifrons. 
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Typomys Thomas, 1911:382. Generic diagnosis, comparisons with Hybomys. 
Hybomys: Ingoldby, 1929:522. Faunal report, description of H. trivirgatus pearsei; 
Typomys placed in synonymy without mention of subgeneric status. 
Hybomys trivirgatus Group: Ellerman, 1941:135. Systematic compendium; subgenera 
per se not recognized, but conveyed as separate species groups. 
Hybomys [Typomys]: Van der Straeten and Verheyen, 1982:212. Morphometric study, 
explicit recommendation of subgeneric status. 
Hybomys (Typomys): Musser and Carleton, 1993:596. Systematic compendium, formal 
subgenera maintained, with subgeneric classification of species indicated within 
comments. 
Type species.—Mus trivirgatus Temminck, 1853, by original designation. 
Contents.—planifrons Miller, 1900:641; trivirgatus Temminck, 1853:159 
(including pearsei Ingoldby, 1929:522). 
 
Stochomys Thomas, 1926 
Mus: Pucheran, 1855:206. Part, not Mus Linnaeus, 1758; description of hypoleucus. 
Dasymys: Tullberg, 1893:36. Part, not Dasymys Peters, 1875; description of 
longicaudatus. 
Epimys: Thomas, 1915:149. Part, not Epimys Trouessart, 1881; description of ituricus. 
Stochomys Thomas, 1926:176. Generic diagnosis. 
Rattus (Stochomys): Ellerman, 1941:208. Part, retained as valid subgenus. 
Aethomys (Stochomys): Davis, 1965:129. Part, retained as valid subgenus. 
 Type species.—Dasymys longicaudatus Tullberg, 1893, by original designation. 
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Contents.—longicaudatus Tullberg, 1893: 36 (including hypoleucusb Pucheran, 
1855: 206, a nomen dubium as interpreted by Rosevear [1969:433]; ituricus Thomas, 
1915:149; sebastianus de Winton, 1897:463). 
 
Dephomys Thomas, 1926 
Mus: Miller, 1900:635. Part, not Mus Linnaeus, 1758; description of defua. 
Dephomys Thomas, 1926:177. Generic diagnosis. 
Rattus (Dephomys): Ellerman 1941:210. Retained as valid subgenus. 
Aethomys (Stochomys): Davis, 1965:129. Part, not Stochomys Thomas, 1926; 
Dephomys allocated as full synonym, invalid as subgenus. 
Stochomys: Misonne, 1974. Part, not Stochomys Thomas, 1926; Dephomys allocated as 
full synonym without mention of subgeneric status. 
Type species.—Mus defua Miller, 1900, by original designation. 
Contents.—defua Miller, 1900:635; eburneae Heim de Balsac and Bellier, 
1967:157. 
a Pavlinov (2012:280) has questioned whether the tribal names created by Lecompte et al. 
(2008) are properly available (per ICZN 1999: Article 13.1.1) and correctly spelled (per 
ICZN 1999: Article 32.5). With regard to the tribe of interest here, Arvicanthini, we note 
that Lecompte et al. (2008) clearly identified their tribe as a new taxon, designated a type 
genus (Arvicanthis Lesson, 1842), and enumerated the tribal contents. The Code grants 
an author appreciable latitude in formulating the generic stem of a family-group name 
(ICZN 1999: Articles 29.3.3, 29.4), in this case Arvicanthis + ini to form Arvicanthini, so 
long as the prescribed suffix is correct. Similarly, Apodemus + ini to form Apodemini is 
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acceptable according to these same articles, notwithstanding its departure from the 
preferred Latinized derivation (i.e., ICZN 1999: Articles 29.3.1, 29.3.2). Although not 
formally specified as such, Lecompte’s et al. references to Misonne (1969) and Musser 
(1987), authors who provided morphological reviews of arvicanthine rodents, may be 
generously interpreted to supply bibliographic indications that define Arvicanthini 
(Article 13.1.2). We acknowledge that a subsequent phylogenetic analysis of 
morphological characters (Missoup et al. 2016) failed to demonstrate monophyly of 
Arvicanthini sensu Lecompte et al. (2008) or to validate the construct of “arvicanthine” 
as earlier construed by Misonne (1969) and Musser (1987); however, revision of the 
tribe’s definition based on such new data and analytical methods does not negate the 
availability of the tribal name as indicated by Lecompte et al. (2008). Consistent with the 
PhyloCode (Cantino and de Quieroz 2006: Article 9.4.1), Lecompte et al. also stipulated 
a node-based phylogenetic definition of the clade that delimits Arvicanthini. Conciliation 
of the Code’s and PhyloCode’s guidelines for naming family-group taxa is highly 
desirable. In the meanwhile, we accept Arvicanthini sensu Lecompte et al. (2008) as the 
valid tribe to encompass the Hybomys division. 
b Previous authorities have dismissed the senior synonym Mus hypoleucus Pucheran, 
1855, as an available name because it was interpreted as a junior primary homonym of 
Mus hypoleucus Sundevall, 1846. Allen (1939) had credited Sundevall’s supposedly 
homonymous species to Trouessart’s (1897) mammalian catalog and thereafter 
established the modern precedent for acknowledging the homonymy (e.g., Ellerman 
1941; Musser and Carleton 2005). As explained by Rosevear (1969:433), however, the 
association of Mus hypoleucus with Sundevall was erroneously attributed by Trouessart 
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(and by de Winton 1897:465). In fact, the pivotal work by Sundevall (1846) only 
mentions a similarly named mouse, Mus hypoleucos, apparently described by 
Lichtenstein (like Rosevear, we cannot locate said description); a one-letter difference 
between species-group names suffices to avoid homonymy (ICZN 1999: Article 57.6). 
The Code confers considerable taxonomic precedent to the interpretation of a first revisor 
(ICZN 1999: Article 24.2.1), in this case Rosevear (1969); that is, Rosevear demonstrated 
awareness of the names involved, weighed the conflict over seniority, and judged which 
species name to apply, ultimately selecting longicaudatus Tullberg, 1893. Moreover, the 
name combination Stochomys longicaudatus has enjoyed indisputably uniform usage 
during the 90 years since Thomas’s (1926) generic description and can be maintained on 
this basis should any dispute over seniority arise (ICZN 1999: Article 23.9.1). 
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Table 4.7. Estimates of the most recent common ancestor of certain clades of African 
Murinae according to recent molecular studiesa; values in millions of years ago with 95% 
HPD in parentheses. 
Murine clade 
Most recent common ancestor (in Ma) according to: 
Lecompte 
et  
al. 2008 
Schenk 
et  
al. 2013b 
Fabre et  
al. 2013b 
Missoup 
et  
al. 2016b 
Steppan 
and  
Schenk 
2017 
This 
study 
Otomyini-
Arvicanthini 
8.6 
(8.0–9.2) 
8.3 
(7.2–9.4) 
7.5 
(6.5–8.4) 
7.1 
(5.7–8.6) 
7.0 
 
8.9 
(8.7–9.5) 
Arvicanthini 
8.4 
(7.8–9.0) 
7.7 
(6.6–9.0) 
7.2 
(6.2–8.1) 
6.7 
(5.3–8.1) 
6.4 
 
8.4 
(7.7–9.0) 
Hybomys 
division- 
core 
Arvicanthini 
7.7 
 
7.2 
(5.2–8.2) 
6.8 
(5.8–7.5) 
5.4 
(4.1–6.6) 
5.9 
 
8.0 
(7.3–8.6) 
Hybomys 
divisionc 
6.1 
 
4.7 
(3.4–6.0) 
4.6 
(3.4–5.6) 
4.6 
(3.5–5.8) 
4.5 
 
7.2 
(6.4–8.0) 
Dephomys- 
Stochomys 
--- --- --- 
3.4 
(2.4–4.4) 
3.9 
 
4.6 
(3.4–5.8) 
a Paleontological records used to calibrate node of murine phylogeny include the 
following: Lecompte et al. (2008)—Mus/Rattus divergence dated by the oldest definitive 
murine (Progonomys) at 12 mya or 12.1 mya (Jacobs and Downs 1994; Jacobs and Flynn 
2005); Schenk et al. (2013), Fabre et al. (2013), Missoup et al. (2016), and Steppan and 
Schenk (2017)—Mus/Phloeomys divergence dated by oldest definitive murine 
(Progonomys) at 12.1 mya (Jacobs and Flynn 2005); this study—Mus/Arvicanthis  (= 
Karnimata/Progonomys) divergence at 11.2 mya (Kimura et al. 2015). 
b The 95% HPD interval was estimated from bars shown on figures. Lecompte et al. 
(2008) provided 95% intervals for some, but not all, nodes in the text. Steppan and 
Schenk (2017) did not provide estimates of the 95% interval. 
c The Hybomys division of earlier studies was represented by species of Hybomys s.s. and 
Stochomys (Lecompte et al. 2008; Schenk et al. 2013; Fabre et al. 2013), later by species 
of Hybomys s.s., Dephomys, and Stochomys (Missoup et al. 2016; Steppan and Schenk 
2017). Our study included examples of all four genus-group taxa, including Typomys; 
excluding the last taxon, the divergence of Hybomys s.s., Dephomys, and Stochomys is 
6.4 (95% HPD = 5.5–7.3) mya. 
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Figure 4.1. The Guineo-Congolian Region, sensu White (1983), and distribution of 
the Hybomys division, Tribe Arvicanthini. A) Current extent of Guineo-Congolian 
rainforests (green—range shapefiles imported from White 1983). Major forest 
subdivisions of the Guineo-Congolian Region follow Hardy et al. (2013), who defined 
the frontier between Upper Guinea and Lower Guinea at the Dahomey Gap and between 
Lower Guinea and Congolia along the drainage of the Congo-Ubangi Rivers. Other major 
rivers of biogeographic significance include the Cross and Niger. B) Distribution of 
genus-group taxa currently assigned to the Hybomys division (range shapefiles acquired 
from Terrestrial Mammal dataset, IUCN Red List—http://www.iucnredlist.org/technical-
documents/spatial-data). Since their descriptions, most systematists have 
maintained Typomys Thomas (1911) as a valid subgenus of Hybomys Thomas (1910). 
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Figure 4.2. Consensus tree of the Hybomys division and outgroup taxa based on 
Bayesian analysis of concatenated sequences of 2 mitochondrial (Cytb, 12S rRNA) and 2 
nuclear (Ghr, Rbp3) genes. Maximum Likelihood bootstrap (500 replicates) and Bayesian 
posterior probability results are shown only for nodes where ML and PP > 50%; asterisks 
(*) identify nodes with maximum support (ML = 100% and PP = 1.00). Nodes that 
delineate the monophyly of Arvicanthini and its sister-group kinship with Otomyini are 
indicated. Colored bars highlight the phylogenetic position of genera according to the 
murine divisions formulated by Musser and Carleton (2005); the Hybomys division was 
recovered as monophyletic, although other divisions were not (see Discussion). The scale 
bar signifies substitutions per site or amount of accumulated change along the branches.  
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Figure 4.3. Fossil-calibrated phylogeny of the Hybomys division, select Arvicanthini, and 
murid outgroups based on concatenated sequences of mitochondrial (Cytb, 12S rRNA) 
and nuclear (Rbp3, Ghr) genes. Asterisks indicate the two fossils calibration points 
we employed: Arvicanthis-Mus (Median: 11.3 Ma; Range: 11.1-12.3 
Ma) and Arvicanthis-Otomys (Median: 9.1 Ma; Range: 8.7-10.1 Ma). Horizontal blue 
bars embrace ± 95% highest posterior density intervals around mean nodal ages; vertical 
gray bands correspond to dry periods when rainforests retreated (dates from Cerling et 
al. 1997 and de Menocal 2004). 
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Figure 4.4. The Guineo-Congolian Region, sensu White (1983), and specific 
distributions of the genera Hybomys and Typomys, Hybomys division. A) Current extent 
of Guineo-Congolian rainforests (green—range shapefiles imported from White 1983) 
compared with the hypothesized maximal extent of rainforests during wet periods of the 
Early Pliocene (checkered). Also depicted are hypothesized rainforest refugia (yellow, 
after Maley 1996) and centers of endemism (red, after Happold 1996), which 
substantially overlap in their geographic location (orange). B) Distributions of currently 
recognized species of Hybomys and Typomys (range shapefiles acquired from Terrestrial 
Mammal dataset, IUCN Red List—http://www.iucnredlist.org/technical-
documents/spatial-data). Note that distributions of species confined to montane rainforest 
in the Cameroon Volcanic Line (H. badius, H. basilii, H. eisentrauti) and Albertine Rift 
(H. lunaris) are geographically highly restricted compared with those that inhabit lowland 
rainforest. 
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Figure 4.5. Current distributional limits resulting from major phylogenetic splits within 
the Hybomys division in relation to major forest blocks of the Guineo-Congolian Region. 
See Fig. 4.3 for sister groups and estimated divergence. 
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CHAPTER 5: Detection of a new species of mountain vole and the pattern and 
timing of diversification among the major lineages of Neodon (Arvicolinae, 
Rodentia) 
 
5.1 Abstract 
The Subfamily Arvicolinae (Family Cricetidae, Order Rodentia) represent one of 
the best examples of rapid mammalian radiations. Rapid diversification after appearing in 
the Late Miocene, morphological similarities among species, rapid evolving karyotypes 
and molecular systematics mostly restricted to the mitochondrial Cytb gene (which has 
shown to be saturated) have been responsible for systematic relationships within the 
subfamily being poorly resolved. Recent molecular systematic studies of arvicoline voles 
of the genera Neodon, Lasiopodomys, Phaiomys, and Microtus from Central Asia suggest 
the inclusion of Phaiomys leucurus, Microtus clarkei, and Lasiopodomys fuscus into 
Neodon and moving Neodon juldaschi into Blanfordimys. In addition, three new species 
of Neodon (N. linzhiensis, N. medogensis, and N. nyalamensis) have recently been 
described from China. Analyses of concatenated mitochondrial (Cytb, COI) and nuclear 
(Ghr, Rbp3) genes recovered Neodon as a well supported monophyletic clade including 
all the recently described and relocated species. This analysis also recovered 
Blanfordimys, including N. juldaschi, as a well supported monophyletic clade within a 
larger paraphyletic group of Microtus. This Microtus-Blanfordimys clade was recovered 
sister to Neodon but only with Bayesian posterior probability support.  However, N. 
sikimensis from Nepal did not form a monophyletic clade with the Tibetan specimens 
identified as N. sikimensis, but rather formed a clade sister to other species of Neodon 
from Tibet and China (N. leucurus, N. irene, N. fuscus, and N. linzhiensis). The Tibetan 
N. sikimensis were recovered sister to N. nyalamensis. The maximum clade credibility 
tree from BEAST and the majority rule consensus tree from MrBayes differ slightly in 
their topologies as to how the Neodon species are related. The low support values and 
differences in tree topologies are likely an artifact of some of the species (N. clarkei, N. 
leucurus, N. linzhiensis, N. medogensis, and N. nyalamensis) only being represented with 
mitochondrial genes (Cytb and COI). Lineages of Neodon separated from Microtus and 
Blanfordimys sometime during the Mid Pliocene. The Late Pliocene and Pleistocene 
divergences of the lineages of Neodon supports earlier suggestion that Neodon are 
Pleistocene relicts. Extant species of Neodon diverged from each other sometime during 
the late Pliocene to early Pleistocene (2.95 Ma; 95% HPD=2.17–3.79). Principal 
component analysis conducted on 12 skull measurements from 178 specimens of N. 
sikimensis suggest the N. sikimensis from Tibet, and Nepal and India are distinct 
morphospecies. Specimens of N. sikimensis from Nepal and India were significantly 
larger than N. sikimensis from Tibet for all characters measured. Specimens of N. 
sikimensis from Nepal and India (n=172) exhibit a longitudinal size gradient with 
individuals decreasing in size from east to west. Morphometric, genetic, and phylogenetic 
analyses agree that N. sikimensis from Tibet is a distinct species separate from the N. 
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sikimensis in Nepal. Since the type specimen was taken from Sikkim, India, the Tibetan 
specimens currently identified as N. sikimensis likely represent an unnamed species. 
 
5.2 Introduction 
Arvicolines have a Holarctic distribution and occupy mostly grasslands though 
some species occur in forests and highland habitats (Jaarola et al. 2004). The earliest 
arvicolines appeared during the early Pliocene in North America, Europe, and Northwest 
Asia (Fejfar 1999; Chaline et al. 1999; Repenning 2003; Fejfar et al. 2011), only making 
it into South Asia during the late Pliocene (Kotlia and Koenigswald 1992; Kotlia 1994).  
Several independent lineages of “microtoid cricetids” with rooted, slightly 
hypsodont molars that are thought to have preceded true arvicolines, appeared in the late 
Miocene of Europe, Asia, and North America and persisted in Europe into the 
Pleistocene (Fejfar 1999). These microtoid cricetids have been included in Arvicolinae by 
some (Kretzoi 1969; Gromov and Polyakov 1977; Repenning et al. 1990; Zheng and 
Chuan-kwei 1990; Repenning 1998) whereas others recognize them as a separate lineage 
of cricetids that owe their dental similarity due to occupying a similar niche to true 
arvicolines (Chaline et al. 1999).  The origins of arvicolines are unclear, whether they are 
derived from microtoid cricetids or another cricetid lineage is uncertain due to a wide 
array of cricetids possessing arvicoline-like features of the lower jaw and molar occlusal 
patterns (Chaline et al. 1999).    
Ambiguous origins aside, true arvicolines appeared 5.5 million years ago (Ma) 
and since have diversified into more than 140 lineages (Chaline et al. 1999). Those 
lineages have been grouped into several Tribes: Arvicolini, Dicrostonychini, Lemmini, 
Myodini, Ondatrini, Phenacomyini, and Prometheomyini (Musser and Carleton 2005). 
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Phylogenetic relationships within the Arvicolini, especially within the genus Microtus, 
which is one of the youngest and most speciose groups of mammals, has proven difficult 
to resolve (Abramson et al. 2009). Rapid diversification coupled with morphological 
similarities among species, rapid evolving karyotypes and much of the molecular 
systematics work restricted to the mitochondrial Cytochrome b (Cytb) gene (which has 
shown to be saturated: Galewski et al. 2006) have resulted in the systematic relationships 
within Arvicolini remaining unresolved.   
The genus Neodon (Tribe Arvicolini, Subfamily Arvicolinae) along with other 
mountain voles from Central Asia (Blanfordimys and Phaiomys) are considered to be 
Pleistocene relicts due to their primitive molar occlusal patterns resembling the fossil 
genus Allophaiomys (Nadachowski and Zagorodnyuk 1996). Furthermore, N. juldaschi 
possesses a karyotype (2n=54 or 56) thought to be ancestral to the Arvicolini (Chaline 
and Matthey 1971; Zagorodnyuk 1992). Neodon was described by Horsfield (1851) and 
has been retained as a genus by some specialists (Hinton 1923, 1926; Ellerman 1941; 
Zagorodnyuk 1990, 1992; Musser and Carleton 2005), recognized as a subgenus of 
Pitymys by others (Corbet 1978; Ellerman and Morrison-Scott 1951), or recognized as a 
subgenus of Microtus by still others (Allen 1940; Gromov and Polyakov 1977; Musser 
and Carleton 1993; Gromov and Erbajeva 1995; Pavlinov et al., 1995). Molecular 
phylogenies generally have not placed Neodon within either a Pitymys or a Microtus 
clade (Robovský et al. 2008) but have associated this genus with Volemys millicens 
and/or Lasiopodomys fuscus (Liu et al. 2007; Fan et al. 2011) or Phaiomys leucurus 
(Galewski et al. 2006; Liu et al. 2012). Furthermore, molecular phylogenies have not 
recovered Microtus as a monophyletic group (Jaarola et al. 2004; Galewski et al. 2006; 
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Bannikova et al. 2009; Liu et al. 2012; Martínková and Moravec 2012), though some 
subgenera of Microtus such as Terricola and Alexandromys are well supported as 
monophyletic clades (Bannikova et al. 2010; Martínková and Moravec 2012; Liu et al. 
2016). 
Musser and Carleton (2005) recognized four species of Neodon (forresti, irene, 
juldaschi, sikimensis). Recent systematic revisions suggest further changes to the genus 
Neodon with the recognition of Phaiomys leucurus as N. leucurus, Microtus clarkei as N. 
clarkei, Lasiopodomys fuscus an N. fuscus and N. juldaschi as Blanfordimys juldaschi 
(Robovský et al. 2008; Bannikova et al. 2009 and 2010; Liu et al. 2012; Martínková and 
Moravec 2012). Several additional species of Neodon have been described in recent 
years: N. linzhiensis described by Liu et al. (2012) and N. nyalamensis and N. medogensis 
described by Liu et al. (2016).  
Neodon sikimensis has been collected in southeastern Tibet on the easternmost 
edges of the Himalayas (referred to as East N. sikimensis herein) and in Nepal, India, and 
Bhutan in the central and western Himalayas (referred to as West N. sikimensis herein) 
(Musser and Carleton 2005). Liu et al. (2012) sequenced specimens of N. sikimensis are 
from the eastern portion of its range, whereas we have sequenced specimens collected 
from the western portions of its range in Nepal.   
The objectives of this study are: (1) to compare Cytb sequences of specimens of 
N. sikimensis from Tibet and Nepal to determine if they are distinct genetic and 
phylogenetic species; (2) to sample both mitochondrial and nuclear loci to create a well 
resolved phylogeny of the species of Neodon; (3) to determine the pattern and ages of 
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divergence events of the species of Neodon; (4) to test for morphological differences 
between eastern and western N. sikimensis using 8 cranial and 4 dental characters.  
 
5.3 Materials and Methods 
5.3.1 Specimens and taxonomic sampling 
Tissues (ear punches) of N. sikimensis (n=6) from Central and Western Nepal were 
collected in 2013 and 2015 respectively. Additionally, tissue from Blanfordimys juldaschi 
(n=5), Blanfordimys sp. (n=1), and Microtus sp. (n=1) were obtained from specimens 
collected between 1992 and 1997 from northern and western Pakistan. Tissue of Microtus 
transcaspicus (n=1) from Turkmenistan was provided by Robert Hoffmann. Sequences 
for select Arvicolinae and outgroup taxa (Mesocricetus auratus, Subfamily Cricetinae) 
were obtained from GenBank (Appendices G and H). A total of 178 specimens of N. 
sikimensis from the Field Museum of Natural History (FMNH; n=171), National 
Museum of Natural History (NMNH; n=4), and field collected specimens in Nepal (n=3) 
were measured representing specimens from both east (n=6) and west (n=172) N. 
sikimensis. 
 
5.3.2 DNA extraction, sequencing, and alignment 
DNA extraction and sequencing for N. sikimensis captured in Nepal was carried out at the 
Center for Molecular Dynamics, Nepal (CMDN). DNA extraction for N. sikimensis from 
Nepal was carried out using the DNeasy Blood and Tissue Kit (Qiagen, Germany). 
Approximately 25 mg of ear tissue stored in 95% ethanol was used for DNA Extraction. 
The tissue samples were air dried 30 minutes prior to extraction. Each tissue was cut into 
small pieces (approx. 20 pieces) and was placed in 1.5 μl microfuge tube and incubated 
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until the tissue samples were completely lysed at 56°C in 180 μl of ATL (Tissue Lysis 
Buffer) and Proteinase K in a shaking incubator. DNA was finally eluted in 50 μl Elution 
buffer. The quantity and quality of the extracted DNA was assessed on a NanoVue Plus 
(GE Healthcare Life sciences) spectrophotometer. 
Cytochrome b (Cytb), cytochrome oxidase I (COI), interphotoreceptor retinoid 
binding protein (Rbp3), and growth hormone receptor (Ghr) were amplified with the 
primer pairs: L14274/H15915, COIF/COIR, Rbp3217/Rbp31531, and Ghr5/Ghr4 
respectively (Table 5.2). Cytb was amplified with initial denaturation at 94°C for 5 min 
followed by 31 cycles of denaturation at 95°C for 1 min, annealing at 50°C for 1 min and 
extension at 68°C for 1 min and final extension at 68°C for 10 min. Rbp3 was amplified 
with initial denaturation at 94°C for 5 min followed by 35 cycles of denaturation at 94°C 
for 1 min, annealing at 50°C for 1 min and extension at 68°C for 1.5 min and final 
extension at 68°C for 10 min. Ghr was amplified following cycling parameters specified 
in Galewski et al. (2006) whereas COI was amplified following the cycling parameters 
from Zeng et al. (2013). 
Amplification reactions were conducted in 25 µl volumes (H2O – 16.9 μl; 5X 
PCR buffer+ MgCl2 – 5 μl; 5000 U Taq Polymerase – 0.125 μl; 10 pMol/µl Forward 
Primer – 0.75 μl; 10 pMol/µl Reverse Primer – 0.75 μl; 10mM dNTPs – 0.50 μl; DNA 
template – 1 μl) using OneTaq DNA Polymerase (NEB, Ipswich, MA, USA). PCR 
products were visualized with ethidium bromide after gel electrophoresis on 2 % agarose 
gels. ExoSAP (Exonuclease and Shrimp Alkaline Phosphatase) (ThermoFisher Scientific) 
was used to purify the PCR products following manufacturer’s protocol prior to 
sequencing reactions. Sequencing reactions (10 µl) were conducted with 1 μl of ExoSAP 
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product, 3 µl primer (5 µM/µl), 2 µl nuclease free water and 4 µl of Ready reaction mix 
containing fluorescent tagged terminator (BigDye v3.1; Applied Biosystems). The 
sequencing reaction was further purified using Big Dye X-Terminator Purification Kit 
(ThermoFisher Scientific) (45 µl SAM solution + 10 µl Big Dye X-terminator solution 
along with all sequencing PCR product (10 µl) in a 0.5 ml tube. The purified product 
from the tubes were transferred to PCR strip tubes. The reactions were optimally diluted 
in ABI 310 Sequencing Strip tubes for running the final sequencing reaction on ABI 310 
avoiding the formation of any air bubbles in the strip tubes.  
DNA extraction for Blanfordimys juldaschi, Blanfordimys sp., Microtus 
transcaspicus, and Microtus sp. (from western Pakistan) was carried out using the Gentra 
Puregene Mouse Tail Kit (QIAGEN). Approximately 5-10 mg of liver tissue stored in 
95% ethanol was soaked briefly in sterile distilled water (Kilpatrick 2002) before being 
ground to a fine powder in liquid nitrogen and incubated overnight at 55°C in 300 μl cell 
lysis solution and 1.5 μl Proteinase K. Extracted DNA was air dried overnight and 
rehydrated with 50 μl of sterile water. The quantity and quality of the extracted DNA was 
assessed on a NanoDrop 1000 (Thermo Scientific) spectrophotometer.  
Ctyochrome b (Cytb) was sequenced in three parts with the primer pairs CytbA 
and CytbE, Bath3 and 752R, and Ru13 and End2 or CytbG and CytbJ (Table 5.2). Cytb 
was amplified with 35 cycles with denaturation at 94°C for 1 min, annealing at 50°C for 
1 min and extension at 72°C for 1 min. Rbp3 and Ghr were amplified with 40 cycles with 
denaturation at 94°C for 1 min, annealing at 58°C for 1 min and extension at 72°C for 1 
min.  
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Amplification reactions were conducted in 25 µl volumes with PuRe Taq Ready-
To-Go PCR Beads (GE Healthcare Life Sciences). PCR products were visualized with 
ethidium bromide after gel electrophoresis on 1.2% agarose gels. ExoSAP (Exonuclease 
and Shrimp Alkaline Phosphatase) (ThermoFisher Scientific) was used to purify the PCR 
products. Sequencing reactions (15 µl) were conducted with 1-2 μl of ExoSAP product, 1 
mM primer (forward or reverse), nuclease free water and flourescent tagged terminator 
(BigDye v3.1; Applied Biosystems). Sephadex columns were used to purify the products 
of the sequencing reaction before they were fractionated on an Applied Biosystems 373 
automated DNA sequencer. The DNA sequencing reads were carried out at the 
University of Vermont Cancer Center DNA Analysis Laboratory. 
Chromatograms outputted from the sequencers were visualized and edited in 
Chromas 2.6.2 (Technelysium: http://technelysium.com.au/wp/chromas/). Sequences 
from two mitochondrial genes, Cytb (1140 bp) and COI (1542 bp) and two nuclear genes 
Rbp3 (1228 bp) and Ghr (915 bp) were aligned using ClustalW (Thompson et al. 1994) in 
Mesquite 3.31 (Maddison and Maddison 2017). The codon positions for each locus were 
assigned and the alignments of the genes were concatenated in Mesquite.  
 
5.3.3 Genetic distance, phylogenetic analyses, and divergence times 
Kimura 2-parameter (Kimura 1980) genetic distances between and within genera were 
estimated with MEGA6.0 (Tamura et al. 2013) based on the Cytb alignment of the 
individuals in Table 5.1 and Neodon and Blanfordimys sequences from GenBank 
(Appendix H).  
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The concatenated data set was divided into 12 individual partitions a priori with 
each gene (Cytb, COI, Rbp3, and Ghr) divided by codon positions. Partition finder 2.1.1 
(Lanfear et al. 2016) was used to determine the best partitioning scheme and best model 
for each partition based on the AIC criterion (Table 5.3) under a likelihood framework 
using PhyML (Guindon et al. 2010) and the greedy algorithm (Lanfear et al. 2012). 
Maximum Likelihood (ML) analysis was conducted with GARLI 2.0 (Zwikl 
2006) for the concatenated sequences with 500 bootstrap replicates using the 12 partitions 
and their appropriate models (Table 5.3). The majority rule consensus (MRC) tree of the 
bootstrap results was constructed in Mesquite. A partitioned Bayesian analysis was 
conducted on the CIPRES portal (Miller et al. 2010) using the models from Table 5.3 for 
the concatenated dataset in MrBayes 3.2.3 (Ronquist and Huelsenbeck 2003). Two 
simultaneous runs of 10,000,000 generations with sampling every 1000 generations was 
carried out. The MrBayes log files for both runs were examined in Tracer 1.6 (Rambaut 
et al. 2014) and a burnin of 1,000,000 generations was set for each run. The runs were 
combined after discarding the burnin and the MRC tree with posterior probability values 
was constructed in Mesquite. 
Timing of divergence among clades was estimated using the Bayesian relaxed-
clock model implemented in BEAST 1.8.0 (Drummond and Rambaut 2007) using the 
concatenated dataset with 12 partitions (Table 5.3). Calibration points from Kholi et al. 
(2014): Alticola (exponential prior distribution; Mean: 1.0844; Offset: 1.5; Median: 
2.252; 95% CI: 1.527-5.5 Ma), Myodes (exponential prior distribution; Mean: 0.7861; 
Offset: 2.6; Median: 3.145 Ma; 95% CI: 2.62-5.5 Ma), and Eothenomys (exponential 
prior distribution; Mean: 0.9487; Offset: 2.0; Median: 2.658 Ma; 95% CI: 2.024-5.5 Ma) 
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were used. Additionally, the subfamily Arvicolinae was calibrated with an exponential 
prior distribution (Mean: 1.0; Offset: 5.5; Median: 6.193 Ma; 95% CI: 5.525-9.189 Ma). 
The dates for Alticola, Myodes and Eothenomys correspond to the earliest fossil records 
of those genera and 5.5 Ma corresponds to the earliest known fossil of an arvicoline 
rodent. The BEAST analysis was run for 100,000,000 generations, sampling trees and 
parameters every 2000 generations. The BEAST log file was examined in Tracer 1.6 
(Rambaut et al. 2014) and a burn-in of 30,000,000 generations was set. TreeAnnotator 
(Drummond and Rambaut 2007) was used to generate a maximum clade credibility tree 
by discarding the first 30,000,000 generations. 
 
5.3.4 Morphometric analyses 
Eight cranial characters were measured with dial calipers including: skull greatest 
length (SGL), skull basal length (SBL), condylobasal length (CBL), zygomatic breadth 
(ZB), mastoidal breadth (MB), least interorbital width (IOW), skull height (SH), and 
auditory bullae length (ABL). In addition, four dental characters were also measured 
including: length of maxillary tooth-row (LMxT), width across molars (MM), length of 
the mandibular tooth-row (LMbT), and breadth across the two upper incisors (TUIB).  
Statistical analyses on the craniodental characters were performed on JMP Pro 
13.0 (SAS Institute Inc., Cary, NC, 2016). T-tests comparing the 12 craniodental 
characters between the eastern and western populations of N. sikimensis was conducted to 
determine statistical significance of differences between localities. Principle component 
analysis was conducted to further separate specimens from the eastern and western 
populations of N. sikimensis. Linear regression analyses between longitude and each of 
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the 12 craniodental characters was conducted to determine the statistical significance of 
longitudinal gradient observed in the western specimens of N. sikimensis. Box plots 
comparing northern and southern N. sikimensis, violin plots comparing N. sikimensis 
from east (Tibet) and west (India, Eastern Nepal, Central Nepal and Western Nepal), and 
linear regressions with 95% CI was fitted in R (R Development Core Team 2008) using 
the ggplot2 package (Wickham 2009). 
 
5.4 Results 
Cytochrome b divergence within Neodon and Blanfordimys 
Greater Kimura 2-parameter (K2P) genetic distance was observed between 
Neodon sikimensis from Nepal and Tibet (mean = 14.4) than between N. sikimensis from 
Tibet and other species of Neodon (mean = 8.8-12.5) other than N. fuscus (mean = 15.4) 
(Table 5.4). Genetic distances (mean=11.0-13.3) between Blanfordimys sp. (OTU49) and 
the three recognized species of Blanfordimys were comparable to species level distances 
(mean=9.3-12.9) (Table 5.4). 
 
Phylogenetic Analyses 
 
Neodon formed a strongly supported clade in both the Maximum Likelihood 
(ML=99) and Bayesian analyses (PP=1.00) (Fig. 5.2). Several species of Neodon seem 
not to form a monophyletic group due to clades containing individuals of N. clarkei and 
N. irene and N leucurus and N. fuscus (Fig. 5.2). Sequences of Neodon clarkei 1 
(AY641526) from Luo et al. (2004) and N. leucurus 1 (AM392371, AM392394, and 
AM919400) from Galewski et al. (2006) likely represent misidentified specimens of N. 
irene and N. fuscus, respectively. With this tentatively corrected identification of the taxa 
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from which these four sequences were obtained, all species of Neodon form 
monophyletic clades with the exception of N. sikimensis (Fig. 5.2).  The N. sikimensis 
specimens from Nepal formed a well supported clade (ML=100; PP=1.00), but do not 
group with the Tibetan specimens identified as N. sikimensis (Fig. 5.2) but rather form 
the sister clade to a clade consisting of N. linzhiensis, N. irene, N leucurus, and N. fuscus 
with weak Bayesian posterior probability support (PP=0.76). Sister species relationships 
between medogensis/clarkei, and nyalamensis/sikimensis (Tibet) are supported only in 
the Bayesian analyses (PP=1.00). 
Microtus sensu lato was paraphyletic with Blanfordimys nested inside (ML<50; 
PP=0.99). Several subgenera of Microtus s.l. including Alexandromys (ML=100; 
PP=1.00), Mynomes (ML=99; PP=1.00), and Terricola (ML=65; PP=0.96) are recovered 
as monophyletic clades. Microtus s.s. (subgenus Microtus) was polyphyletic with M. 
agrestis recovered as sister to the Blanfordimys clade (Fig. 5.2). The remaining taxa of 
Microtus s. s were recovered in a monophyletic clade (ML=82; PP=1.00) sister to the 
subgenus Terricola.  An unidentified species of Microtus (OUT 53) sampled from 
western Pakistan was placed on a long branch in a clade with M. transcaspicus but with 
weak support. 
Blanfordimys was recovered as a well supported (ML=91; PP=1.00) 
monophyletic clade. An unidentified species of Blanfordimys (OTU49) sampled from 
western Pakistan was recovered sister to the B. afghanus clade with very weak support 
(Fig. 5.2). All specimens identified as B. juldaschi sampled from northern Pakistan and 
Tadzhikistan were placed in a clade with GenBank sequences of B. juldaschi with strong 
support (ML=92; PP=1.00).  
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Estimation of divergence times 
Divergence within the Arvicolinae occurred with the Prometheomyini (the long-
clawed mole vole) estimated to have split from other arvicoline tribes 7.3 Ma 
(Mean=7.36; 95% HPD=5.56-9.27). The Arvicolini diverged from the Lagurini and 
Ellobiusini 5.3 Ma (Mean=5.34; 95% HPD=4.11-6.69) and Lasiopodomys split from the 
Neodon-Microtus-Blanfordimys clade an estimated 4.11 Ma (Mean=4.14; 95% 
HPD=3.21-5.21). Neodon and the Microtus-Blanfordimys clade split an estimated 3.86 
Ma (Mean=3.88; 95% HPD=2.98-4.86), whereas the genera Neodon and Blanfordimys 
diversified 2.95 Ma (Mean=2.98; 95% HPD=2.17-3.79) and 2.24 Ma (Mean=2.25; 95% 
HPD=1.46-3.04) respectively. Neodon sikimensis from Nepal and N. medogensis 
diverged an estimated 2.71 Ma (Mean=2.73; 95% HPD=1.99-3.56) from Neodon species 
from China and Tibet followed shortly by N. clarkei at 2.62 Ma (Mean=2.62; 95% 
HPD=1.86-3.36). Tibetan specimens identified as N. sikimensis and N. nyalamensis 
diverged from N. fuscus, N. leucurus, and N. irene next at 2.55 Ma (Mean=2.58; 95% 
HPD=1.86-3.32). Divergence times for other species of Neodon are estimated to be 
younger than 2.3 Ma (Fig. 5.3). Blanfordimys, like Neodon, diversified close to the 
Pliocene-Pleistocene boundary, with the divergence of B. afghanus (Mean=2.25; 95% 
HPD=1.46-3.04).  The unidentified species of Blanfordimys from western Pakistan 
diverged in the early Pleistocene (Mean=1.82; 95% HPD=1.09-2.60), whereas B. 
bucharensis and B. juldaschi diverged during the mid-Pleistocene (Mean=1.33; 95% 
HPD=0.72-2.01) (Fig. 5.3). 
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Morphometric analyses of specimens of Neodon sikimensis 
Among the craniodental characters measured, most characters were normally 
distributed (Fig. 5.4). Some characters such as SGL-SBL-CBL-MB and LMxT-LMbT-
MM were strongly correlated with each other. Scatterplot pairs with dental characters 
(LMxT, LMbT, and MM) showed the least overlap of characters while characters such as 
MB, SH, and ABL showed broad overlap of the specimens of eastern and western N. 
sikimensis (Fig. 5.4). 
PCA separated eastern and western specimens of N. sikimensis (Fig. 5.5). PC1, 
which accounted for 60.5 percent of the variation, was sufficient to separate the eastern 
and western forms (Fig. 5.5).  
Western N. sikimensis specimens were significantly larger than eastern specimens 
for all characters measured (Fig. 5.6). Western N. sikimensis also displayed a longitudinal 
size gradient from the east (India) to the west (Western Nepal) portions of their western 
range (Fig. 5.7). The size gradient from east to west was significant for all but two 
characters (ABL and TUIB) measured (Fig 5.8). 
 
5.5 Discussion  
5.5.1 Systematics of Subfamily Arvicolinae and Tribe Arvicolini 
Systematic relationships among members of the family Arvicolinae have been 
difficult to resolve, especially within the Tribe Arvicolini (Galewski et al. 2006; 
Abramson et al. 2009; Martínková and Moravec 2012). Inconsistencies between 
molecular and morphological methods to classify arvicolines arose mainly due to the 
rapid diversification along with fast evolving karyotypes but with retention of relatively 
similar morphologies (Musser and Carleton 2005; Galewski et al. 2006; Abramson et al. 
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2009; Martínková and Moravec 2012). Genera and even Tribal level relationships have 
been fluid and with molecular methods (primarily utilizing only mitochondrial genes) 
resolving the relationships within Arvicolinae has proved to be problematic (Conroy and 
Cook 1999), especially with unresolved nodes in the Tribe Arvicolini (Buzan et al. 2008; 
Abramson et al. 2009; Martínková and Moravec 2012). Cytochrome b, the most widely 
used marker has shown to be saturated and on its own may not provide suitable resolution 
for arvicolines (Galewski et al. 2006). Studies that only rely on mitochondrial loci 
(Conroy and Cook 1999; Buzan et al. 2008; Liu et al. 2012; Liu et al. 2016) show marked 
differences in tree topologies and lower resolution compared to studies that also employ 
nuclear loci (Galewski et al. 2006; Abramson et al. 2009; Martínková and Moravec 2012; 
Steppan and Schenk 2017).  
Tribal relationships within Arvicolinae have varied depending on studies and 
genes sampled (Fig. 5.9). The consensus is that Prometheomyini is the first Tribe to split 
within Arvicolinae but as for how the other Tribes are related, there is little agreement. 
Among the studies represented in Figure 5.9, Liu et al. (2016) is the only study which 
constructed the phylogeny exclusively with mitochondrial loci (Cytb and COI), the 
Abramson et al. (2009) phylogeny was based exclusively on nuclear loci (Ghr and 
LCAT), whereas other studies used combinations of various mitochondrial and nuclear 
loci: Galewski et al. (2006) and Robovský et al. (2008) – Cytb and Ghr; Steppan and 
Schenk (2017) – Cytb, BRCA1, Ghr, Rbp3, RAG1, and Acp5. Liu et al. (2016) is the only 
study where Arvicolini was not recovered as a monophyletic clade (Arvicola was 
recovered sister to Ondatrini), whereas all studies that include at least one nuclear gene 
recover the Arvicolini as monophyletic. Other studies agreed with Arvicola (along with 
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Lemmiscus) being taxon a with an early divergence within the Arvicolini (Galewski et al. 
2006; Robovský et al. 2008; Abramson et al. 2009; Steppan and Schenk 2017), further 
highlighting the limitation of just using mitochondrial loci in phylogenetic studies, 
especially at deeper nodes where saturation and long branch attraction can lead to 
misleading results. Sampling more than a single nuclear locus (Abramson et al. 2009; 
Steppan and Schenk 2017; this study) revealed a close relationship among the Tribes 
Myodini, Lagurini, Ellobiusini and Arvicolini (Figs. 5.2 and 5.9). 
The tribe Arvicolini consists of several genera (Arvicola, Blanfordimys, 
Chionomys, Lasiopodomys, Lemmiscus, Microtus, Neodon, Phaiomys, Proedromys, and 
Volemys) among which Microtus is by far the most speciose and systematically 
challenging group (Musser and Carleton 2005). Blanfordimys, Chionomys, 
Lasiopodomys, Neodon, Phaiomys, and Proedromys have been treated as subgenera of 
Microtus at some point, but are currently recognized as separate genera by Musser and 
Carleton (2005). Even after splitting Microtus into these multiple genera, there is little 
evidence for monophyly of the remaining species retained in Microtus. We recover 
Blanfordimys nested within Microtus (Fig. 5.2) and other studies have reported on the 
paraphyletic nature of Microtus as well (Galewski et al. 2006; Robovský et al. 2008; 
Abramson et al. 2009, 2010; Liu et al. 2016; Steppan and Schenk 2017). However, all 
subgenera of Microtus sampled in this study with representatives of more than a single 
species were well supported (Fig. 5.2).  
A Cytb (1120 bp) sequence was obtained from tissue from a specimen of a 
currently unidentified species of Microtus (OTU53) which was collected from the 
vicinity of Chapri, 3020 m, Kurran Agency in the Federally Administrated Tribal Area 
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(FATA) of western Pakistan.  A BLAST search reveals a 94 % match of Cytb sequences 
from M. transcaspicus and OTU53 and our phylogenetic analyses places this unknown 
taxon sister to M. transcaspicus in a larger clade including M. levis, (both taxa of the M. 
arvalis group). Roberts (1977) reported voles of the genera Alticola, Ellobius, 
Hyperacrius and Pitymys to occur in Pakistan, though Pitymys is currently considered as 
a subgenus of Microtus but not close relative of the M. arvalis group.  The M. arvalis 
group is currently considered to contain 6 species (Mahmoundi et al. 2017), all of which 
are reported to occur in Iran and several of which are reported from Afghanistan.  Two 
forms of this group, M. kermanensis (Baluchian vole) occurs in SE Iran (Kerman 
Province) and M. ilaeus (Kazakhstan vole) has a disjunct range that includes areas near 
Kabul, Afghanistan.  Unfortunately, no sequence data is available in GenBank for either 
of these species for comparison with the sequence from OTU53, but Mahmoundi et al. 
(2017) included a Cytb sequence in their phylogenetic analysis. Whether OTU53 
represents a range extension of either M. ilaeus or M. kermanensis or a new species will 
require examination of additional genes and specimens. 
Although Blanfordimys has not been previously reported from Pakistan, a single 
specimen captured by George Schaller in 1974 from the Pamir range in northeastern 
Chitral was reported as Pitymys carruthersi by Roberts (1977).  Subsequent systematic 
revisions have synonymized carruthersi with juldaschi (Corbet 1978) and recently 
assigned this taxon to the genus Blanfordimys (Bannikova et al. 2009).  In addition to the 
Schaller specimen, we can now verify the occurrence of B. juldaschi from several 
locations in the Northwestern Frontier Province and the Northern Areas of northern 
Pakistan (Table 5.1). However, the Cytb (482 bp) sequence from a Blanfordimys 
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(OTU49) from western Pakistan (Table 5.1) was recovered sister to B. afghanus. BLAST 
results for OTU49 indicate a 91 percent match to B. juldaschi. Whether this represent an 
undescribed species of Blanfordimys need to be further evaluated with examination of 
additional genes and specimens. 
Microtus aside, the composition of genera such as Blanfordimys, Lasiopodomys, 
Neodon, and Phaiomys are also unresolved with recent revisions suggesting the inclusion 
of Microtus gregalis in Lasiopodomys (Martínková and Moravec 2012), the inclusion of 
Lasiopodomys fuscus, Microtus clarkei and Phaiomys leucurus in Neodon (Liu et al. 
2012; Martínková and Moravec 2012; Liu et al. 2016), and the inclusion Neodon 
juldaschi in Blanfordimys (Bannikova et al. 2009). Several misplaced sequences in our 
phylogeny, including Neodon clarkei 1 (AY641526) from Luo et al. (2004) and N. 
leucurus 1 (AM392371, AM392394, and AM919400) from Galewski et al. (2006) appear 
to represent misidentified specimens of N. irene and N. fuscus respectively. Neodon 
clarkei 1 (AY641526) was originally identified and placed in GenBank by Luo et al. 
(2004), but identified as N. irene though included in their appendix as N. clarkei by Liu et 
al. (2012, 2016). Similarly, N. leucurus 1 sequences (AM392371, AM392394, and 
AM919400) were originally identified and submitted to GenBank by Galweski et al 
(2006) but changed to N. fuscus in Liu et al. (2016) and to Lemmus leucurus in Chen et 
al. (2012). Arvicolines are often difficult to distinguish morphologically, subsequently 
leading to misidentification of the taxon that was the source of molecular data. Once 
these misidentifications are recognized, however, the database (GenBank) needs to be 
corrected.  Without correction of the taxon misidentification in the data base the use of 
these misidentified sequences will continue to cause confusion in the literature and 
 172 
 
contribute further to the confusion in resolving the phylogeny of an already problematic 
group. 
 
5.5.2 Systematics of Neodon 
Recent studies have described 3 new species of Neodon: N. linzhiensis (Liu et al. 
2012), N. medogensis and N. nyalamensis (Liu et al. 2016). With additions of N. 
leucurus, N clarkei, and N. fuscus, and removal of Blanfordimys juldaschi, Neodon is 
currently comprised of nine species, up from four recognized by Musser and Carleton 
(2005). Distributed across high elevation grasslands in poorly surveyed areas around the 
Himalayas, it is likely that the diversity within this group remains underestimated.   
Aside from several sequences likely from misidentified sources, Neodon clarkei 1 
and N. leucurus 1, most species of Neodon from strong supported clades (ML=100; 
PP=1.00) that are reciprocally monophyletic with other clades. However, the 
relationships among the Neodon species based primarily on sequences of Cytb are poorly 
resolved. Cytochrome b has been shown to provide inadequate resolution to resolve 
species level phylogenies in Microtus (Conroy and Cook 1999), and high mutation rate of 
mitochondrial DNA (Nabholz et al. 2008) can lead to saturation of sites (multiple 
mutations at the same site) which weakens phylogenetic signal especially in fast evolving 
lineages such as the arvicolines (Galewski et al. 2006). 
The N. sikimensis sampled from Nepal are not placed in a monophyletic clade 
with the Tibetan specimens identified as N. sikimensis (Fig. 5.2) but rather form a weakly 
supported sister relationship to the clade consisting of N. linzhiensis, N. irene, N. 
leucurus, and N. fuscus. The N. sikimensis sampled from Tibet are recovered sister to N. 
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nyalamensis with strong support (PP=1.00) and the remaining species of Neodon (N, 
clarkei and N. medogensis) also form a well supported (PP=1.00) clade. These three 
Neodon clades are recovered as an unresolved polytomy. Phylogenetically the N. 
sikimensis from north and south of the Himalayas are distantly related and represent 
distinct phylospecies. Moreover, the N. sikimensis from Tibet and Nepal have been 
isolated from each other since the Pliocene-Pleistocene boundary 2.95 Ma (Mean=2.98; 
95% HPD=2.17-3.79). The divergence date between the N. sikimensis from Tibet and 
Nepal is earlier than divergence dates of other species of Neodon.  
Most Neodon species (N. clarkei, N. leucurus, N. linzhiensis, N. medogensis, and 
N. nyalamensis) only have mitochondrial loci available which maybe leading to the lack 
of resolution. Low support values and polytomies among the deeper nodes of Neodon 
species mirror the problems seen in the literature (Conroy and Cook 1999; Galewski et al. 
2006). Furthermore, the maximum clade credibility tree recovered from BEAST places 
N. sikimensis from Nepal are sister to N. medogensis (Fig. 5.3), whereas N. medogensis is 
sister to N. clarkei in the MrBayes tree (Fig. 5.2). The discrepancies between the 
maximum clade credibility (MCC) tree from BEAST and a majority rules consensus 
(MRC) tree from MrBayes may be in part due to the lack of resolving power present in 
the mitochondrial genes and also due to the differences between how the MCC and MRC 
trees are constructed. The MCC tree is the tree with the highest score based on the scores 
received by each clade (fraction of times the clades occur in the sampled posterior trees), 
whereas a MRC tree produces a tree with clades present in the majority (>50%) of the 
trees sampled in the posterior. The MRC tree usually results in a tree that is not sampled 
in the posterior distribution whereas the MCC tree will be a tree that has been sampled.  
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Mean genetic distance between N. sikimensis from Tibet and Nepal based on 
Cytochrome b is comparable to Kimura 2-parameter (K2P) inter-generic distances 
derived among other recognized species of Neodon (Table 2.4). The K2P distance 
between N. sikimensis from Tibet and Nepal (14.4) exceeds the K2P values calculated 
between N. sikimensis from Tibet and all other species of Neodon (range=8.8-12.5) 
except for N. fuscus (15.4). Moreover, the mean genetic distance derived between N. 
sikimensis from Tibet and Nepal (K2P=14.4) is larger than the K2P distances reported by 
Baker and Bradley (2006) within Rodentia for sister (mean K2P = 7.3, range = 1.3–13.0) 
and intrageneric (mean K2P = 10.9, range = 4.9–16.9) species of rodents. In a 
comparable “genus” Microtus, Baker and Bradley (2006) reported mean K2P distances of 
Cytb to be 6.8 (range = 4.3–11.1) between sister species and 10.9 (range = 5.1–12.8) for 
congeneric species, both of which are smaller than what was observed between N. 
sikimensis from Tibet and Nepal. Hence, N. sikimensis from Tibet and Nepal can be 
considered separate species under the genetic species concept based of the large genetic 
distances between the two OTUs. 
Morphometric analysis of craniodental characters of northern and southern 
samples of N. sikimensis clearly separated the two samples by principal component 1(Fig. 
5.5). Significant differences in all craniodental measurements further supports the two as 
different morphospecies (Fig. 5.6). Pairwise scatter plots of all measured craniodental 
characters point toward dental measurements readily distinguishing the northern and 
southern N. sikimensis. Variation in dental characters and measurements were observed 
not only between northern and southern N. sikimensis, but also across the southern N. 
sikimensis as well (Nadachowski and Zagorodnyuk 1996). The lower first molar (m1: 
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Fig. 5.10) and upper third molar (M3: Fig. 5.11) of N. sikimensis from India is generally 
larger and contains more folds and closed triangles that make up the prismatic molars 
typical of arvicolines, whereas Tibetan specimens have fewer folds and closed triangles. 
There is variation in the number of folds and closed triangles when N. sikimensis 
specimens are examined from east to west (Fig. 5.10; also see Fig. 2 in Nadachowski and 
Zagorodnyuk 1996). The smaller teeth are likely due to the smaller overall smaller size of 
N. sikimensis from Tibet and Western Nepal. There is a significant size gradient from 
East to West where N. sikimensis from India to Western Nepal get smaller, however, the 
N. sikimensis from Tibet are considerably smaller than N. sikimensis from India or Nepal. 
Genetic, phylogenetic and morphological evidence all indicate that N. sikimensis 
from Tibet and Nepal are distinct species. Since the type specimen was taken from 
Sikkim, India, which is in the western part of the range closer to Nepal, the Tibetan 
specimens currently identified as N. sikimensis appears to represent an unnamed species. 
Comparison of the available sequences with genetic material from N. sikimensis from the 
type locality of Sikkim or cranio-dental measurements and morphological comparison to 
the type specimen will be able to provide further resolution in identifying which samples 
represent N. sikimensis.  
 
5.5.3 Biogeography of Neodon 
Arvicolines appeared in the fossil records during the Miocene-Pliocene boundary 
around 5.5 Ma and since then have diversified rapidly (Chaline et al. 1999; Conroy and 
Cook 1999). Early efforts to resolve phylogenetic relationships within Arvicolinae, albeit 
with only two mitochondrial loci, was challenged with unresolvable nested polytomies 
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suggesting sudden increase in diversity rather than a gradual one (Conroy and Cook 
1999). Conroy and Cook (1999) specifically pointed out two pulses, one which lead to 
the diversification of the genera in Arvicolinae and the second primarily within the genus 
Microtus. The rapid diversification of arvicolines, especially Microtus, have been 
attributed to long-distance dispersals between continents through the Bering strait (during 
episodes of lowered sea levels at the height of glaciation events), where Arvicoline 
crossed between North America and Asia multiple times over the repeated glaciation 
periods (Chaline et al. 1999; Cook et al. 2004). Subsequent isolation after the land bridge 
in the Bering strait disappeared and glacial retreat, promoted diversification and repeated 
radiations of arvicolines into Asia and North America (Cook et al. 2004).  
While Microtus experienced an explosive radiation and the extant members are 
widespread across the northern continents, mountain voles in the genus Neodon are 
considered relicts from the Pleistocene and have a comparatively restricted distribution in 
Central Asia (Nadachowski and Zagorodnyuk 1996). Neodon (including Blanfordimys) 
also display a number of primitive Allophaiomys-like features including simple tooth 
morphology and high diploid chromosome numbers (Nadachowski and Zagorodnyuk 
1996). The primitive morphological features coupled with their small ranges in the 
southernmost parts of the distribution of Arvicolini were identified as characteristic of 
relict taxa by Nadachowski and Zagorodnyuk (1996).  
Species of Neodon have split earlier compared with species of Microtus, though a 
comprehensive sampling of Microtus was not conducted in this study and Neodon is less 
speciose. The diversification of Neodon was estimated to take place in the late Pliocene 
or early Pleistocene (2.95 Ma; 95% HPD=2.17-3.79) which coincides with a warm period 
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where forests expanded between the dry and cool spells of the Mid-Pliocene (3.5-3 Ma) 
and early Pleistocene glaciation event (2.8-2.5 Ma). Neodon or the common ancestor that 
led to the extant Neodon was likely widespread across Central Asia during the mid-
Pliocene. However, the Pliocene and Pleistocene were marked by rapid changes in 
elevation and climate in Central Asia. The height of the Himalayas, which now affects 
much of the climatic patterns in Central Asia, has been increasing at a rapid rate with the 
second major uplift event occurring 10-8 Ma significantly increasing the altitude of the 
Tibetan plateau (Molnar and England 1990; Zhisheng et al. 2001). Most notably, the 
Himalayan range casts a rain shadow on the Tibetan plateau by acting as a barrier to the 
moisture rich monsoon winds coming in from the Indian ocean (Zheng et al. 2004). The 
sharp increase in wind-blown sediments, indicative of arid climate, in the Loess Plateau 
and interior China around 3.6 Ma marked a threshold value of the height of the Tibetan 
Plateau which reached a mean elevation of 2.5 kilometers at the time (half of present 
mean elevation) (Zheng et al. 2004). The uplift of the Himalayas and subsequent 
acidification of the Tibetan Plateau likely played a large role in isolating the Neodon 
lineages north and south of the Himalayas and fragmenting habitats suitable for Neodon 
to facilitate further speciation events north and east of the Himalayas. 
The species of Neodon from Tibet are almost exclusively distributed in the 
southeastern part of the plateau (Musser and Carleton 2005; Liu et al. 2012; Liu et al. 
2016) except for N. fuscus and N. leucurus. Neodon fuscus and N. leucurus, were 
recovered as sister species in this study and are distributed either northeast of the Tibetan 
Plateau or widespread over the plateau respectively (Fig. 5.12). The drier, cooler, and 
windier climates prevailing on the plateau allowed grasslands to replace forests and some 
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glaciers and deserts to develop (Wu et al. 2001). Formations of large glaciers covered 
most of the Tibetan Plateau except for the southeastern margin of the Tibetan Plateau 
during parts of the Pleistocene (Zheng et al. 2002). The less severe and infrequent 
glaciations of the southeast margin affected the diversity and structure of the small 
mammals currently occupying the area (Fan et al. 2011). Formation of such ice sheets 
could have isolated Neodon occurring in the Tibet facilitating allopatric speciation in 
refugia free from ice. 
 
 
 
  
 179 
 
5.6 Literature Cited 
ABRAMSON, N. I., V. S. LEBEDEV, A. S. TESAKOV, AND A. A. BANNIKOVA. 2009. 
Supraspecies relationships in the subfamily Arvicolinae (Rodentia, Cricetidae): 
An unexpected result of nuclear gene analysis. Molecular Biology 43:834–846. 
ALLEN, G. M.  1940.  The mammals of China and Mongolia [Natural History of Central 
Asia (W. Granger, ed.)].  Central Asiatic Expeditions of the American Museum of 
Natural History, New York 2:621–1350. 
BAKER, R. J., AND R. D. BRADLEY. 2006. Speciation in mammals and the genetic species 
concept. Journal of Mammalogy 87:643–662.  
BANNIKOVA A. A., V. S. LEBEDEV AND F. N. GOLENISHCHEV. 2009. Taxonomic position 
of Afghan vole (Subgenus Blanfordimys) by the sequence of the mitochondrial 
cytb gene. Russian Journal of Genetics 45:91–97. 
BANNIKOVA, A.A., V.S. LEBEDEV, A.A. LISSOVSKY, V. MATROSOVA, N.I. ABRAMSON, 
E.V. OBOLENSKAYA AND A.S. TESAKOV. 2010. Molecular phylogeny and 
evolution of the Asian lineage of vole genus Microtus (Rodentia: Arvicolinae) 
inferred from mitochondrial cytochrome b sequence. Biological Journal of the 
Linnean Society 99: 595–613. 
BUZAN, E. V., B. KRYSTUFEK, BERND HÄNFLING AND W. F. HUTCHINSON. 2008. 
Mitochondrial phylogeny of Arvicolinae using comprehensive taxonomic 
sampling yields new insights. Biological Journal of the Linnean Society 94:825–
835. 
CHALINE, J., P. BRUNET-LECOMTE, S. MONTUIRE, L. VIRIOT, AND F. COURANT. 1999. 
Anatomy of the Arvicoline radiation (Rodentia): palaeogeographical, 
palaeoecological history and evolutionary data. Annales Zoologici Fennici 
36:239–267.  
CHALINE, J., AND R. MATTHEY. 1971. Hypotheses relatives a la formule chromosomique 
d’Allophaiomys pliocaenicus (Rodentia, Arvicolidae) et a la diversification de 
cette espece. Comptes Rendus de l’Academie des Sciences, Paris, ser. D, 
272(8):1071–1074. 
CHEN, W.-C., H.-B. HAO, Z.-Y. SUN, Y. LIU, S.-Y. LIU AND B.-S. YUE. 2012. 
Phylogenetic position of the genus Proedromys (Arvicolinae, Rodentia): Evidence 
from nuclear and mitochondrial DNA. Biochemical Systematics and Ecology 
42:59–68. 
CONROY, C. J., AND J. A. COOK. 1999. MtDNA evidence for repeated pulses of speciation 
within arvicoline and murid rodents. Journal of Mammalian Evolution 6:221–245. 
COOK, J. A., A. M. RUNCK, AND C. J. CONROY. 2004. Historical biogeography at the 
crossroads of the northern continents: molecular phylogenetics of red-backed 
 180 
 
voles (Rodentia: Arvicolinae). Molecular Phylogenetics and Evolution 30:767–
777. 
CORBET, G. B. 1978. The Mammals of the Palaearctic Region: a Taxonomic Review. 
British Museum (Natural History) and Cornell University Press, London and 
Ithaca, 314 pp.  
DÁVALOS, L. M., AND S. A. JANSA.  2004. Phylogeny of the Lonchophyllini (Chiroptera: 
Phyllostomidae).  Journal of Mammalogy 85:404–413. 
DRUMMOND, A. J. AND A. RAMBAUT. 2007. BEAST: Bayesian evolutionary analysis by 
sampling trees. BMC Evolutionary Biology 7: 214. 
ELLERMAN, J. R. 1941. The families and genera of living rodents. Vol. II. Family 
Muridae. British Museum (Natural History), London, United Kingdom. 
ELLERMAN, J. R., AND T. C. S. MORRISON-SCOTT. 1951. Checklist of Palaearctic and 
Indian mammals 1758 to 1946. Trustees of the British Museum (Natural History), 
London, 810 pp.  
FAN, Z., S. LIU, Y. LIU, X. ZHANG AND B. YUE. 2011. How Quaternary geologic and 
climatic events in the southeastern margin of the Tibetan Plateau influence the 
genetic structure of small mammals: inferences from phylogeography of two 
rodents, Neodon irene and Apodemus latronum. Genetica 139:339–351. 
FEJFAR, O. 1999. Microtoid cricetids. Pp. 365–372, in The Miocene land mammals of 
Europe (G. E. Rössner and K. Heissig, eds.). Dr. Friedrich Pfeil, München, 515 
pp. 
FEJFAR, O., W.-D. HEINRICH, L. KORDOS AND L. C. MAUL. 2011. Microtoid cricetids and 
the early history of arvicolids (Mammalia, Rodentia) Oldrich Fejfar, Wolf-Dieter 
Heinrich, Laszlo Kordos, and Lutz Christian Maul. Palaeontologia Electronica 
14:38p. palaeo-electronica.org/2011_3/6_fejfar/index.html 
GALEWSKI, T., M. TILAK, S. SANCHEZ, P. CHEVRET, E. PARADIS AND E. J. P. DOUZERY. 
2006. The evolutionary radiation of Arvicolinae rodents (voles and lemmings): 
relative contribution of nuclear and mitochondrial DNA phylogenies. BMC 
Evolutionary Biology 6:80. doi:10.1186/1471-2148-6-80 
GROMOV, I. M., AND M.A. ERBAJEVA. 1995. [The mammals of Russia and adjacent 
territories. Lagomorphs and Rodents.] Russian Academy of Sciences, Zoological 
Institut, St. Petersburg, 520 pp (in Russian).  
GROMOV, I. M., AND I. YA. POLYAKOV. 1977. Fauna SSSR, Mlekopitayushchie, tom 3, 
vyp. 8 [Fauna of the USSR, vol. 3, pt. 8, Mammals]. Polevki [Voles 
(Microtinae)]. Nauka, Moscow-Leningrad, 504 pp. (in Russian). 
 181 
 
GUINDON, S., J. F. DUFAYARD, V. LEFORT, M. ANISIMOVA, W. HORDIJK, AND O. 
GASCUEL. 2010. New algorithms and methods to estimate maximum-likelihood 
phylogenies: assessing the performance of PhyML 3.0. Systematic Biology 
59:307–321. 
HINTON, M. A. C. 1923.  On the voles collected by Mr. G. Forrest in Yunnan; with 
remarks  upon the genera Eothenomys and Neodon and upon their allies.  Annals 
and Magazine of Natural History, ser 9 11:145–162. 
HINTON, M. A. C. 1926.  Monograph on the voles and lemmings (Microtinae) living and 
extinct.  Volume 1. British Museum (Natural History), London, 488 pp. 
HORSFIELD, T. H. 1851. A Catalogue of the Mammalia in the Museum of the Hon. East-
India Company. The Honourable East-India Company, London, vi and 212 pp.  
IRWIN, D. M., T. D. KOCHER, AND A. C. WILSON. 1991.  Evolution of the cytochrome-b 
gene of mammals.  Journal of Molecular Evolution 32:128–144. 
JAAROLA, M., N. MARTÍNKOVÁ, İ. GÜNDÜZA, C. BRUNHOFF, J. ZIMA, A. NADACHOWSKI, 
G. AMORI, N.S. BULATOVA, B. CHONDROPOULOS, S. FRAGUEDAKIS-TSOLIS, J. 
GONZÁLEZ-ESTEBAN, M.J. LÓPEZ-FUSTER, A.S. KANDAUROV, H. KEFELIOĞLU, 
M.L. MATHIAS, I. VILLATE AND J.B. SEARLE. 2004. Molecular phylogeny of the 
speciose vole genus Microtus (Arvicolinae, Rodentia) inferred from 
mitochondrial DNA sequences. Molecular Phylogenetics and Evolution 33:647–
663. 
KILPATRICK, C. W.  2002.  Noncryogenic preservation of mammalian tissue for DNA 
extraction: An assessment of storage methods.  Biochemical Genetics 40:53–62. 
KIMURA, M. 1980. A simple method for estimating evolutionary rate of base substitutions 
through comparative studies of nucleotide sequences. Journal of Molecular 
Evolution 16:111–120. 
KOHLI, B. A., K. A. SPEER, C. W. KILPATRICK, N. BATSAIKHAN, D. DAMDINBAZA AND J. 
A. COOK. 2014. Multilocus systematics and non-punctuated evolution of Holarctic 
Myodini (Rodentia: Arvicolinae). Molecular Phylogenetics and Evolution 76:18–
29. 
KOTLIA, B. S. 1994. Evolution of Arvicolidae in South Asia. Pp. 151–171, in Rodent and 
lagomorph families of Asian origins and diversification (Y. Tomida, C. k. Li, and 
T. Setoguchi, eds.). National Science Museum Monographs, No. 8, Tokyo, 195 
pp. 
KOTLIA, B. S., AND W. V. KOENIGSWALD. 1992. Plio-Pleistocene arvicolids (Rodentia, 
Mammalia) from Kashmir intermontane basin, northwestern India. 
Palaeontographica Abt A 223:103–135. 
 182 
 
KRETZOI, M. 1969. Skizze einer Arvicoliden-Phylogenie. Vertebrata Hungarica 
(Budapest) 11:155–193. 
LANFEAR, R., B. CALCOTT, S. Y. HO, AND S. GUINDON. 2012. PartitionFinder: combined 
selection of partitioning schemes and substitution models for phylogenetic 
analyses. Molecular Biology and Evolution 29:1695–1701. 
LANFEAR, R., P. B. FRANDSEN, A. M. WRIGHT, T. SENFELD, AND B. CALCOTT. 2016. 
PartitionFinder 2: new methods for selecting partitioned models of evolution for 
molecular and morphological phylogenetic analyses. Molecular Biology and 
Evolution 34:772–773. 
LIU, S.Y., Z.Y. SUN, Z. Y. ZENG AND E. M. ZHAO. 2007. A new species (Proedomys; 
Arvicolinae; Muridae) from Sichuan province, China. Journal of Mamalogy 
88:1170–1178.  
LIU, S.Y., Z.Y. SUN, Y. LIU, H. WANG, P. GUO AND R.W. MURPHY. 2012. A new vole 
from Xizang, China and the molecular phylogeny of the genus Neodon 
(Cricetidae: Arvicolinae). Zootaxa 3235:1–22 
LIU, S. Y., W. JIN, Y. LIU, R. W. MURPHY, B. LV, H. HAO, R. LIAO, Z. SUN, M. TANG, W. 
CHEN AND J. FU. 2016. Taxonomic position of Chinese voles of the tribe 
Arvicolini and the description of 2 new species from Xizang, China. Journal of 
Mammalogy 98:166–182. 
LUO, J., D. YANGA, H. SUZUKI, Y. WANG, W.-J. CHEN, K. L. CAMPBELL AND Y. ZHANG. 
2004. Molecular phylogeny and biogeography of Oriental voles: genus 
Eothenomys (Muridae, Mammalia). Molecular Phylogenetics and Evolution 
33:349–362. 
MADDISON, W. P., AND D. R. MADDISON. 2017. Mesquite: a modular system for 
evolutionary analysis.  Version 3.31.  http://mesquiteproject.org 
MAHMOUDI, A., J. DARVISH, M. ALIABADIAN, F. Y. MOGHADDAN, AND B. KRYŠTUFEK.  
2017.  New insight into the cradle of the grey voles (subgenus Microtus) inferred 
from mitochondrial cytochrome b sequences.  Mammalia 81:583–593. 
MARTÍNKOVÁ, N. AND J. MORAVEC. 2012. Multilocus phylogeny of arvicoline voles 
(Arvicolini, Rodentia) shows small tree terrace size. Folia Zoologica 61:254–267 
MILLER, M. A., W. PFEIFFER, AND T. SCHWARTZ. 2010. Creating the CIPRES Science 
Gateway for inference of large phylogenetic trees. Pp 1–8 in Proceedings of the 
gateway computing environments workshop (GCE), 14 November 2010, New 
Orleans, Louisiana. 
MOLNAR, P. AND P. ENGLAND. 1990. Late Cenozoic uplift of mountain ranges and global 
climate change: chicken or egg? Nature 346: 29–34. 
 183 
 
MUSSER, G. G. AND M. D. CARLETON. 1993. Family Muridae. Pp. 501–755, in: Mammal 
species of the world, a taxonomic and geographic reference, Second ed. (D. E. 
Wilson and D. M. Reeder, eds.). Smithsonian Institution Press, Washington D.C.  
MUSSER, G. G. AND M. D. CARLETON. 2005. Superfamily Muroidea. In: D. E. Wilson and 
D. M. Reeder: Mammal Species of the World – a Taxonomic and Geographic 
Reference: 894–1531. Johns Hopkins University Press, Baltimore. 
NABHOLZ, B., S. GLÉMIN AND N. GALTIER. 2008. Strong variations of mitochondrial 
mutation rate across Mammals—the longevity hypothesis. Molecular Biology and 
Evolution 25: 120–130. 
NADACHOWSKI, A., AND I. ZAGORODNYUK. 1996. Recent Allophaiomys-like species in the 
Palaearctic: Pleistocene relicts or a return to an initial type. Acta Zoologica 
Cracoviensia 39:387–394.  
NORRIS, R. W.  2009.  Phylogenetic relationships and divergence times in rodents based 
on both genes and fossils.  Unpublished Ph.D. dissertation, University of 
Vermont, Burlington. 
PAVLINOV, I. YA, E. L. YAKHONTOV, AND A. K. AGADZHANYAN. 1995. [Mammals of 
Eurasia. I. Rodentia. Taxonomic and geographic guide.] Archives of the 
Zoological Museum, Moscow State University, 32:289 pp. (in Russian).  
RAMBAUT A., M. A. SUCHARD, D. XIE, AND A. J. DRUMMOND. 2014. Tracer v1.6. 
<http://beast.bio.ed.ac.uk/Tracer> 
REPENNING, C. A., O. FEJFAR, AND W.-D. HEINRICH. 1990. Arvicolid rodent 
biochronology of the Northern Hemisphere. Pp. 385–417, in International 
symposium evolution, phylogeny and biostratigraphy Mammal Species of the 
World, Literature Cited   Page 340 of arvicolids (Rodentia, Mammalia) (O. Fejfar 
and W.-D. Heinrich, eds.). Geological Survey, Prague, 448 pp. 
REPENNING, C. A.  1998.  North American mammalian dispersal routes: Rapid evolution 
and dispersal constrain precise biochronology.  Pp. 39–78, in Advances in 
vertebrate paleontology and geochronology (Y. Tomida, L. J. Flynn, and L. L. 
Jacobs, eds.).  National Science Museum, Monographs, No. 14, Tokyo, 292 pp. 
REPENNING, C. A. 2003. Mimomys in North America. Pp. 469–508, in Vertebrate fossils 
and their context, contributions in honor of Richard H. Tedford (L. J. Flynn, ed.). 
Bulletin of the American Museum of Natural History 279:666 pp. 
ROBERTS, T. J.  1977.  The Mammals of Pakistan.  Ernest Benn Limited, London. 
ROBOVSKÝ J., V. ŘIČÁNKOVÁ AND J. ZRZAVÝ. 2008.  Phylogeny of Arvicolinae 
(Mammalia, Cricetidae): Utility of morphological and molecular data sets in a 
recently radiating clade. Zoologica Scripta 37:571–590.  
 184 
 
RONQUIST, F. AND J. P. HUELSENBECK. 2003. MrBayes 3: Bayesian phylogenetic 
inference under mixed models. Bioinformatics 19:1572–1574. 
STANHOPE, M. J., J. CZELUSNIAK, J. S. SI, J. MICKERSON, AND M. GOODMAN. 1992.  A 
molecular perspective of mammalian evolution from the gene encoding 
interphotoreceptor retinoid binding protein, with convincing evidence for bat 
monophyly.  Molecular Phylogenetics and Evolution 1:148–160. 
STEPPAN S. J. AND J. J. SCHENK. 2017. Muroid rodent phylogenetics: 900-speciestree 
reveals increasing diversification rates. PLoS ONE 12(8): e0183070. 
https://doi.org/10.1371/journal.pone.0183070 
SULLIVAN, J., J. A. MARKERT, AND C. W. KILPATRICK.  1997.  Phylogeography and 
molecular systematics of the Peromyscus aztecus group (Rodentia: Muridae) 
inferred using parsimony and likelihood.  Systematic Biology 46:426–440. 
TAMURA, K., G. STECHER, D. PETERSON, A. FILIPSKI, AND S. KUMAR. 2013. MEGA6: 
Molecular Evolutionary Genetics Analysis version 6.0. Molecular Biology and 
Evolution 30:2725–2729. 
THOMPSON J. D., D. G. HIGGINS, AND T. J. GIBSON. 1994.  CLUSTAL W: improving the 
sensitivity of progressive multiple sequence alignments through sequence 
weighting, positions-specific gap penalties and weight matrix choice.  Nucleic 
Acids Research 22:4673–4680. 
TIEMANN-BOEGE, I., C. W. KILPATRICK, AND R. D. BRADLEY. 2000.  Molecular 
phylogenetics of the Peromyscus boylii species group (Rodentia: Muridae) based 
on mitochondrial cytochrome b sequences.  Molecular Phylogenetics and 
Evolution 16:366–378. 
WICKHAM, H. 2009. ggplot2: Elegant graphics for data analysis. Springer-Verlag, New 
York. 
WU, Y., Z. CUI, G. LIU, D. GE, J. YIN, Q. XU AND Q. PANG. 2001. Quaternary 
geomorphological evolution of the Kunlun Pass areas and uplift of the Qinghai-
Xizang (Tibet) plateau. Geomorphology 36:203–216. 
ZAGORODNYUK, I. V. 1990. Kariotipicheskaya izmenchivost' i sistematika serykh polevok 
(Rodentia, Arvicolini). Soobshchenie 1. Vidovoi sostav i khromosomnye chisla 
[Karyotypic variability and systematics of the gray voles (Rodentia, Arvicolini). 
Communication 1. Species composition and chromosomal numbers]. Vestnik 
Zoologii, 2:26–37 (in Russian). 
ZAGORODNYUK, I. V. 1992. [Karyotypic variability and systematics of the Arvicolini 
(Rodentia). Communication 2. Correlation pattern of chromosomal numbers.] 
Vestnik Zoologi, 1992(5):36– 45 (in Russian with English abstract).  
 185 
 
ZENG, T., W. JIN, Z. Y. SUN, Y. LIU, R. W. MURPHY, J. R. FU, X. WANG, Q. F. HOU, F. Y. 
TU, R. LIAO, S. Y. LIU AND B. S. YUE. 2013. Taxonomic position of Eothenomys 
wardi (Arvicolinae: Cricetidae) based on morphological and molecular analyses 
with a detailed description of the species. Zootaxa 3682:85–104. 
ZHENG S., AND LI CHUAN-KWEI. 1990. Comments on fossil arvicolids of China. Pp. 431–
442, in International symposium evolution, phylogeny and biostratigraphy of 
arvicolids (Rodentia, Mammalia) (O. Fejfar and W.-D. Heinrich, eds.). Geological 
Survey, Prague, 448 pp. 
ZHENG, B., Q. XU AND Y. SHEN. 2002. The relationship between climate change and 
Quaternary glacial cycles on the Qinghai-Tibetan plateau: review and speculation. 
Quatern Int 97–98:93–101. 
ZHENG, H., C.MCA. POWELL, D. K. REA, J. WANG AND P. WANG. 2004. Late Miocene and 
mid-Pliocene enhancement of East Asian monsoon as viewed from the land and 
sea. Global and Planetary Change 41:147–155. 
ZHISHENG, A., J.E. KUTZBACH, W.L. PRELL AND S.C. PORTER. 2001. Evolution of Asian 
monsoons and phased uplift of the Himalaya–Tibetan plateau since Late Miocene 
times. Nature 411: 62–66. 
ZWICKL, D. J. 2006. Genetic algorithm approaches for the phylogenetic analysis of large 
biological sequence datasets under the maximum likelihood criterion. Ph.D. 
dissertation, University of Texas, Austin, Texas. 
  
 
1
8
6
 
Table 5.1. Specimen, Species ID, and localities with genes sequenced for this study. ● refers to genes sequenced for the samples. 
Specimen ID Species ID Locality Country Cytb COI Rbp3 Ghr 
GPN16 Neodon sikimensis Ghorepani, Myagdi Nepal ●  ●  ●  ●  
GPN25 Neodon sikimensis Ghorepani, Myagdi Nepal ●  ●  ●  ●  
RCH4 Neodon sikimensis Renchi, Dolpo Nepal ●  ●  ●  ●  
RGM4 Neodon sikimensis Ringmo, Dolpo Nepal ●  ●  ●  ●  
RGM6 Neodon sikimensis Ringmo, Dolpo Nepal ●  ●  ●  ●  
RGM11 Neodon sikimensis Ringmo, Dolpo Nepal ●  ●  ●  ●  
OTU49 Blanfordimys sp. FATA, upper Zundali Pakistan ●     
OTU57 Blanfordimys juldaschi  Tadzhikistan ●     
OTU60 Blanfordimys juldaschi Pamirs Tadzhikistan ●     
OTU54 Blanfordimys juldaschi NWFP, Boroghil Pass Pakistan ●     
OTU55 Blanfordimys juldaschi NWFP, Ishkarwarz Pakistan ●     
OTU17 Blanfordimys juldaschi Northern Areas, Khunjerab Pakistan ●     
OTU53 Microtus sp. FATA, Khurrham, Chapri Pakistan ●    
OTU56 Microtus transcaspicus  Turkmenistan ●     
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Table 5.2. Primers and primer sequences used to amplify target genes in this study. 
Gene Primer Sequence (5’–3’) Reference Direction 
Cytb 
L14274 CGAAGCTTGATATAAAAACCATCGTTG Irwin et al. (1991) Forward 
H15915 AACTGCCAGTCATCTCCGGTTACAAGAC Irwin et al. (1991) Reverse 
Cytb A GATATGAAAAACCATCGTTG Sullivan et al. 1997 Forward 
Cytb E CAGAATGATATTTGTCCTCA Sullivan et al. 1997 Reverse 
Bath3 GCTAAYGGRGCCTCCATATT Dávalos and Jansa 2004 Forward 
752R GCAGGAGTGTAATTATCGGGGTCTC Tiemann-Boege et al. 2000 Reverse 
Ru13 CAYGAAACHGGSTCHAAYAAYCC Dávalos and Jansa 2004 Forward 
End2 TAAGAATNTCAGCTTTGGGTGCTG Norris 2009 Reverse 
Cytb G ATAGACAAAATCCCATTCCA Sullivan et al. 1997 Forward 
Cytb J CTGCAGTCATCTCCGGTTTACAAGAC Irwin et al. 1991 Reverse 
COI 
COIF TTGCAATTCGATGTGATT Zeng et al. 2013 Forward 
COIR ATGATGCTGGCTTGAAAC Zeng et al. 2013 Reverse 
Rbp3 
Rbp3217 ATGGCCAAGGTCCTCTTGGATAACTACTGCTT Stanhope et al. (1992) Forward 
Rbp31531 CGCAGGTCCATGATGAGGTGCTCCGTGTCCTG Stanhope et al. (1992) Reverse 
Ghr 
Ghr5 GGCRTTCATGAYAACTACAAACCTGACYTC Galewski et al. (2006) Forward 
Ghr6 GAGGAGAGGAACCTTCTTTTTWTCAGGC Galewski et al. (2006) Reverse 
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Table 5.3. Partitioning scheme and best models chosen by PartitionFinder. Cytb (cytochrome b), COI (cytochrome oxidase subunit I), 
Rbp3 (interphotoreceptor retinoid-binding protein), and Ghr (growth hormone receptor). Numbers following the gene names indicate 
codon position. 
Data Partitions Model 
Cytb1            GTR+I+G 
Cytb2            GTR+I+G 
Cytb3             GTR+I+G 
COI1             GTR+I+G   
COI2             HKY+I   
COI3             GTR+I+G 
Rbp31      HKY+G   
Rbp32   GTR+G 
Rbp33  GTR+G   
Ghr1             SYM+G   
Ghr2             HKY+G 
Ghr3             HKY+G   
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Table 5.4. Cytochrome b Kimura 2-parameter distance (percent) within and between species of Neodon and Blanfordimys in 
comparison to N. sikimensis from Nepal and Tibet. 
  
Within 
Species 
Between Species 
 N 
Nsik 
(Tibet) 
Ncla Nfus Nire Nleu Nlin Nmed Nnya Bsp Bjul Bafg Bbuc 
N. sikimensis 
(Nepal) 
6 2.7 14.4 14.2 17.3 15.2 12.3 16.6 12.5 13.1 14.5 13.2 16.4 15.0 
N. sikimensis 
(Tibet) 
11 5.8  8.8 15.4 12.2 10.2 12.5 10.0 11.9 15.9 15.8 16.3 16.3 
N. clarkeia 3 0.0   13.8 13.1 9.1 10.3 7.1 10.7 14.1 13.8 14.6 16.5 
N. fuscus 16 0.8    16.5 13.6 15.7 15.9 12.6 13.7 15.8 18.4 17.6 
N. irene 70 4.5     12.2 12.1 11.4 13.0 14.0 13.7 15.9 15.3 
N. leucurusb 5 1.9      10.7 10.5 10.7 12.9 15.0 13.7 14.5 
N. linzhiensis 4 0.2       10.8 13.4 14.5 18.3 18.8 16.5 
N. medogensis 5 0.6        12.2 15.5 13.6 15.6 14.0 
N. nyalamensis 5 0.1         13.3 13.4 13.3 14.4 
B. sp. 1 na          12.0 11.0 13.3 
B. juldaschi 8 0.6           11.3 9.3 
B. afghanus 2 0.0            12.9 
B. bucharensis 3 0.5             
a N. clarkei AY641526 not included 
b N. leucurus AM392371 not included 
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Figure 5.1. Distribution of Neodon sikimensis sampled in this study in Nepal, India, and Tibet.  Type locality indicated by blue star, 
museum specimens from Nepal and India (red circles), and Tibet (green circle). Scale bar – elevation above sea level in meters.  
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Figure 5.2. Bayesian Majority rule consensus tree for Arvicolinae and outgroup taxa 
based on concatenated Cytb, COI, Rbp3, and Ghr genes. Nodal support provided as 
Maximum Likelihood bootstrap (500 replicates) and Bayesian posterior probability 
values (ML/PP: only if >50%). Asterisk (*) refers to ML=100 and PP=1.00. Subgenera of 
Microtus – italicized and Tribes within the subfamily Arvicolinae – bolded. 
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Figure 5.3. Fossil calibrated phylogeny of the Arvicolinae and outgroup taxon based on 
concatenated Cytb, CoI, Rbp3, and Ghr genes. Maximum clade credibility tree with 
median node heights and bars indicating 95% highest posterior density intervals. 
Calibration points denoted by asterisks (*). Vertical gray bars indicate the dry periods 
when forests retreated, and grasslands expanded. 
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Figure 5.4. Correlation matrix for 8 cranial (SGL, SBL, CBL, ZB, MB, IOW, SH, and 
ABL) and 4 dental characters (LMxT, LMbT, M-M, and TUIB) characters for Neodon 
sikimensis specimens from Tibet (in red; n=6), and India and Nepal (in blue; n=172). 
Scatterplot for each measurement pair placed below the diagonal, correlation coefficient 
placed above the diagonal, and frequency distribution of each measurement placed on the 
diagonal. 
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Figure 5.5. (A) Principal component eigenvalues and their respective contributions from principal component analyses of 8 cranial 
(SGL, SBL, CBL, ZB, MB, IOW, SH, and ABL) and 4 dental characters (LMxT, LMbT, M-M, and TUIB) characters for Neodon 
sikimensis; (B) Scatter plot and (C) loading plots of principal components 1 and 2. Tibet – East N. sikimensis (n=6); India and Nepal – 
West N. sikimensis (n=172). 
 195 
 
 
Figure 5.6. Box plots and t-test p-values for 8 cranial (SGL, SBL, CBL, ZB, MB, IOW, 
SH, and ABL) and 4 dental characters (LMxT, LMbT, M-M, and TUIB) characters for 
Neodon sikimensis specimens from east – Tibet (n=6) and west – India and Nepal 
(n=172). 
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Figure 5.7. Violin plots for 8 cranial (SGL, SBL, CBL, ZB, MB, IOW, SH, and ABL) 
and 4 dental characters (LMxT, LMbT, M-M, and TUIB) characters for Neodon 
sikimensis specimens from Tibet (n=6) and south the Himalayas (n=172). from East to 
West localities in India (n=18), Eastern Nepal (n=52), Central Nepal (n=89), and Western 
Nepal (n=13). Mean±SD in red and black horizontal bar denotes the median. 
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Figure 5.8. Linear regression and 95% CI for 8 cranial (SGL, SBL, CBL, ZB, MB, IOW, 
SH, and ABL) and 4 dental characters (LMxT, LMbT, M-M, and TUIB) characters 
across a longitudinal gradient for Neodon sikimensis from Nepal and India (n=172). 
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Figure 5.9. Tribal relationships within the subfamily Arvicolinae as recovered in this 
study and in literature (Galewski et al. 2006; Robovský et al. 2008; Abramson et al. 2009; 
Liu et al. 2016; Steppan and Schenk 2017). 
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Figure 5.10. Variation in first lower molar (m1) of Neodon sikimensis from (A) Tibet 
(USNM 940368) (B) India (USNM 259584) and (C) Western Nepal (RGM11). Red 
arrows indicate folds on labial side of m1. 
  
 
2
0
0
 
 
Figure 5.11. Variation in third upper molar (M3) of Neodon sikimensis from (A) Tibet (USNM 940368) (B) India (USNM 259584). 
Red arrows indicate folds on labial side of M3. 
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Figure 5.12. Distribution of Neodon and Blanfordimys species in Central Asia. Range 
shapefiles acquired from Terrestrial Mammal dataset, IUCN Red List 
(http://www.iucnredlist.org/technical-documents/spatial-data) and Liu et al. (2016). 
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Appendices 
Appendix A  
Chapter 1. Capture records from field work in Nepal between 2013 and 2015 with 
specimen IDs associated used as sequencing codes. 
Date Location Coordinates 
Specimen 
ID 
Species ID Sex 
24-Jul-13 Banthanti 
N 28°22'05.4", 
E 083°43'53.3" 
BTT1 Niviventer fulvescens M 
   BTT2 Niviventer fulvescens F 
      
25-Jul-13 Banthanti 
N 28°22'05.4", 
E 083°43'53.3" 
BTT2 Niviventer fulvescens F 
   BTT3 Niviventer fulvescens M 
   BTT4 Apodemus gurkha ? 
   BTT5 Niviventer fulvescens F 
   BTT6 Rattus norvegicus F 
   BTT7 Rattus norvegicus F 
   BTT8 Soriculus nigrescens F 
   BTT9 Niviventer fulvescens F 
      
26-Jul-13 Ghorepani 
N 28°24'10.3", 
E 083°41'58.0" 
GPN1 Mus musculus F 
   GPN2 Apodemus gurkha F 
   GPN3 Apodemus gurkha M 
   GPN4 Apodemus gurkha F 
   GPN5 Apodemus gurkha M 
   GPN6 Apodemus gurkha F 
   GPN7 Apodemus gurkha M 
   GPN8 Apodemus gurkha F 
   GPN9 Apodemus gurkha F 
   GPN10 Apodemus gurkha F 
   GPN11 Apodemus gurkha M 
   GPN12 Apodemus gurkha M 
   GPN13 Apodemus gurkha F 
   GPN14 Apodemus gurkha M 
   GPN15 Apodemus gurkha F 
   GPN16 Neodon sikimensis M 
      
27-Jul-13 Poon Hill 
N 28°24'04.6", 
E 083°41'48.6" 
GPN17 Niviventer fulvescens M 
   GPN18 Apodemus gurkha M 
   GPN19 Apodemus gurkha F 
   GPN20 Apodemus gurkha F 
   GPN21 Apodemus gurkha M 
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   GPN22 Mus musculus F 
   GPN23 Mus musculus F 
   GPN24 Soriculus nigrescens M 
   GPN25 Neodon sikimensis F 
      
28-Jul-13 Chitre 
N 28°25'04.2", 
E 083°41'46.7" 
CTR1 Apodemus gurkha M 
   CTR2 Apodemus gurkha M 
   CTR3 Niviventer fulvescens F 
   CTR4 Niviventer fulvescens ? 
   CTR5 Niviventer fulvescens M 
      
29-Jul-13 Ghorepani 
N 28°24'10.3", 
E 083°41'58.0" 
GPN26 Apodemus gurkha F 
   GPN27 Apodemus gurkha M 
   GPN28 Neodon sikimensis F 
   GPN29 Niviventer fulvescens F 
   GPN30 Niviventer fulvescens F 
   GPN31 Apodemus gurkha M 
   GPN32 Apodemus gurkha F 
   GPN33 Apodemus gurkha M 
   GPN34 Apodemus gurkha M 
   GPN35 Apodemus gurkha M 
   GPN36 Apodemus gurkha ? 
   GPN37 Apodemus gurkha F 
   GPN38 Apodemus gurkha F 
   GPN39 Apodemus gurkha F 
   GPN40 Apodemus gurkha M 
   GPN41 
Episoriculus 
caudatus 
F 
   GPN42 Soriculus nigrescens F 
      
19-Jul-14 Bihi 
N 28°30'00.6", 
E 084°52'01.6" 
BHI1 Rattus pyctoris M 
   BHI2 Rattus pyctoris M 
   BHI3 Mus musculus M 
   BHI4 Rattus rattus F 
      
20-Jul-14 Namrung 
N 28°32'38.1", 
E 084°46'11.9" 
NMR1 Soriculus nigrescens ? 
   NMR2 Soriculus nigrescens F 
   NMR3 Rattus pyctoris M 
   NMR4 Mus musculus M 
   NMR5 Mus musculus M 
   NMR6 Apodemus gurkha F 
   NMR7 Rattus rattus M 
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   NMR8 Rattus rattus F 
   NMR9 Rattus pyctoris F 
   NMR10 Rattus rattus M 
   NMR11 Rattus rattus F 
      
21-Jul-14 Samagaon 
N 28°35'14.2", 
E 084°38'20.0" 
SGN1 Apodemus gurkha F 
   SGN2 Apodemus gurkha F 
   SGN3 Apodemus gurkha M 
      
23-Jul-14 Samagaon 
N 28°36'28.3", 
E 084°38'17.2" 
SGN4 Apodemus gurkha F 
   SGN5 Apodemus gurkha F 
      
22-Jul-14 Samdo 
N 28°39'07.3", 
E 084°37'54.2" 
SAM1 Apodemus gurkha M 
   SAM2 Apodemus gurkha M 
   SAM3 Apodemus gurkha F 
   SAM4 Soriculus nigrescens F 
      
24-Jul-14 Lho 
N 28°34'26.9", 
E 084°42'11.2" 
LHO1 Niviventer fulvescens M 
   LHO2 Niviventer fulvescens F 
   LHO3 Mus musculus F 
   LHO4 Mus musculus M 
   LHO5 Niviventer fulvescens M 
   LHO6 Apodemus gurkha M 
   LHO7 Apodemus gurkha ? 
   LHO8 Niviventer fulvescens F 
   LHO9 Niviventer fulvescens M 
   LHO10 Apodemus gurkha F 
   LHO11 Mus musculus M 
   LHO12 Mus musculus M 
   LHO13 Apodemus gurkha F 
   LHO14 Apodemus gurkha F 
   LHO15 Apodemus gurkha F 
      
25-Jul-14 Kalsang 
N 28°31'58.0", 
E 084°47'50.0" 
KLS1 Niviventer fulvescens F 
   KLS2 Niviventer fulvescens M 
   KLS3 Niviventer fulvescens M 
   KLS4 Niviventer fulvescens M 
   KLS5 Soriculus nigrescens F 
      
12-Jul-15 Renchi 
N 29°07.035', 
E 082°53.239' 
RCH1 Apodemus pallipes F 
   RCH2 Apodemus pallipes M 
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   RCH3 Apodemus pallipes M 
   RCH4 Neodon sikimensis F 
      
13-Jul-15 Ringmo 
N 29°10.438', 
E 082°56.176' 
RGM1 Apodemus pallipes F 
   RGM2 Apodemus pallipes F 
   RGM3 Apodemus pallipes M 
   RGM4 Neodon sikimensis F 
   RGM5 Apodemus pallipes F 
   RGM6 Neodon sikimensis F 
   RGM7 Apodemus pallipes F 
   RGM8 Apodemus pallipes M 
   RGM9 Apodemus pallipes M 
   RGM10 Apodemus pallipes F 
   RGM11 Neodon sikimensis F 
      
15-Jul-15 Chepka 
N 29°03.443', 
E 082°53.855' 
CPK1 Mus musculus M 
 
 
 
  
2
3
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Appendix B 
Chapter 2. Accession numbers and genes of Apodemus species and Outgroups accessed from GenBank for mitochondrial (Cytb, 12S, 
COI) and nuclear (Rbp3, Rag1, vWf, I7, Fgb, Ghr) genes used in this study. 
      Gene 
Taxa  Subfamily Tribe Cytb 12S Rbp3 Rag1 vWf I7 COI Fgb Ghr 
Gerbillus gerbillus Gerbillinae Gerbillini JN652802 AJ851242 EU349846 DQ023452     DQ019049 
Gerbilliscus robustus    AJ875235  AY326113 AY294949    KU965974 AY294920 
Acomys cahirinus Deomyinae  AJ233953 HQ652130 FN984743  FN984745    FN984742 
Acomys ignitus   JN247674 KC953348 KC953348 AY294951   DQ019086  AY294923 
Batomys granti Murinae Phloeomyini EU349738  DQ191496  AY241461     AY294917 
Phloeomys cuminigi   DQ191484  AY326103       
Phloeomys pallidus   EU349775  KC878237 DQ023480     DQ019070 
Niviventer fulvescens  Rattini KY068838 KP455488 KY068408 KY068674   JF445218 HQ454298 JN009859 
Rattus norvegicus   EU349782 AB183258 AB033709 AY294938 AJ224673  KC617853 NM_020071 JF412704 
Rattus rattus   AB033702 AJ005780 AB211044 HQ334643   JF445258  AM910976 
Micromys minutus   AB201986 AJ311139 AB033710 AB125847 AJ402693 AB303278 HM217483  EU349818 
Zyzomys argurus  Hydromiyini KY754183  EU349878 EU349921     EU349831 
Hydromys chrysogaster   EU349748  EU349849 EU349890     EU349804 
Chiropodomys gliroides   EU349740  KJ772364 EU349882   JF444993  KJ607289 
Apomys datae   HM371072  EU349836 KC953478     KJ607288 
Mus musculus  Murini AF520621 AY012114 AB125808 AY241462 AY162409 AB303279 KC617843 AY155342 M33324 
Mus cookii   AY057813 AB125787 KC953404 KU375178 AB285470  KJ530562  KC953279 
Mus pahari   EU349767 AB125793 EU349864 EU349906 AB285474  JF445031  KC953280 
Mastomys natalensis  Praomyini JX292865  AY326093 EU349899   JQ667835  EU349813 
Mastomys erythroleucus   AY751291 X85952 AM408335 KC953519   JQ667787 KF478244 AM910959 
Praomys jacksoni   EU349778  AM408326 DQ023477   JQ667899 JN636405 DQ019071 
Praomys tullbergi   JQ735886  AM408327 DQ023478   JQ668023  DQ019072 
Arvicanthis blicki  Arvicanthini KU747159  KU723652 KU723669      
  
2
3
5 
Arvicanthis nairobae   KU747160  KU723897 KU723666      
Arvicanthis neumanni   EU349737 AF141260 KC953358 AY294946      
Arvicanthis niloticus   AF004571 AF141259 DQ022386      AM910944 
Otomys angoniensis  Otomyini AF492711 AF492739 AM408325 EU349909 AJ402711    EU349819 
Otomys denti   EU874449 AF492740 KC953428 KC953552     KC953305 
Parotomys brantsii   AF492731 AF492756 KC953432 AY294939     AY294912 
Malacomys longipes  Malacomyini JQ735635 AJ279440 DQ022393 DQ023474   JQ667765 JN636422 DQ019064 
Millardia kathleenae  Millarldini EU292148  EU292145 EU349905     AM910963 
Millardia meltada   AF141221 AF141283 AM408322    FJ973547  AM910962 
Tokudaia osimensis  Apodemini AB033703 AJ311133 AB033712 AB164046     EU349828 
Tokudaia tokunoshimensis   AB548693  AB548698 AB548696      
Tokudaia muenninki   AB548692  AB548697 AB548695      
Apodemus agrarius   AY389012 AJ311140 AB096845 AB303234 AB303284 AB303253 JF499197 AY693978 DQ019054 
Apodemus chevrieri   AY389016 HQ896683 AB096847 AB285444 AB285455 AB303255 HQ896683   
Apodemus peninsulae   AY389002 AJ311142 AB032857 AB285449 AB285460 AB303263 JF499303 AY693983  
Apodemus speciosus   AB503239  AB264729 AB285450 AB285462 AB303256  AY693991 AB491493 
Apodemus draco   AY389010 HQ333255 AB109398 AB285445 AB285456 AB303259 JF444248 HQ020530  
Apodemus ilexa   JF503240  JQ043395       
Apodemus semotus   AB033694 AJ311136 AB032862 AB164040 AB285461 AB303261  AY693988 DQ019055 
Apodemus latronum   GU982931 HQ333256 AB096851 AB303239 AB303285 AB303257 HQ333256 
 
GU908448 
Apodemus alpicola   AF159391 AJ311137 AB032861 AB285442 AB285453 AB303269    
Apodemus epimelas   AJ748228         
Apodemus flavicollis   JF819969 AJ311164 AB032860 AB285446 AB285457 AB303265 JQ935786 AY155340 AM910943 
Apodemus ponticus   DQ844692   AB303242 AB303282 AB303272    
Apodemus pallipes   AF160603         
Apodemus wardib   AB096838  AB096854 AB285452 AB285465 AB303276    
Apodemus uralensis   FN430766 AJ311128 AB096853 AB303244 AB285464 AB303275 JF499305 AY532794  
Apodemus micropsc   AF159393         
Apodemus sylvaticus   JF819981 AJ311131 AB032863 AB303243 AB285463 AB303267  AY155324 KM397258 
  
2
3
6 
Apodemus hermonensisd   AB303227 AJ311134 AB303231 AB303249 AB303283 AB303271    
Apodemus hyrcanicus   KR003086         
Apodemus mystacinus   AF159394 AJ311141 AB303229 AB285448 AB285459 AB303277   KM397259 
Apodemus witherbyi   KR003099         
Apodemus gurkha   AB032852  AB032859 AB285447 AB285458 AB303262  AY532792  
Apodemus argenteus     AB164577   AB032855 AB285443 AB285454 AB303264   AY693979   
a A. ilex Thomas, 1922 a synonym for A. draco (Barrett-Hamilton, 1900) 
b A. wardi (Wroughton, 1908) a synonym of A. pallipes (Barrett-Hamilton, 1900) 
c A. microps Kratochvíl and Rosický, 1952 a synonym of A. uralensis (Pallas, 1811) 
d A. hermonenesis Filippucci, Simpson, and Nevo, 1989 a synonym of A. witherbyi (Thomas, 1902) 
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Appendix C 
Chapter 2.  Cytochrome b (Cytb) and interphotoreceptor retinoid-binding protein (Rbp3) 
accession numbers and sequence codes of Apodemurini for sequences used for 
phylogenetic analyses presented in Figure 2.3 and 2.4 and distance estimates in Table 2.6. 
Species 
Accession No. 
Cytb Rbp3 
Tokudaia muenninki AB548692 AB548697 
Tokudaia osimensis 
AB033703 AB033712 
AB029429  
 AB548694  
Tokudaia tokunoshimensis AB548693 AB548698 
Apodemus agrarius 
AB303226 AB032858 
AB303225 AB096843 
 AB096817 AB096845 
 AB032851 AB096844 
Apodemus chevrieri 
AY389016 AB096847 
AY389015 AB096848 
 AY389014  
 AB096819  
 AB096818  
Apodemus draco JQ043426 JQ043397 
 JQ043425 AB109398 
 AM945809 JQ043399 
 AB109397 JQ043400 
 AB096825 AB096849 
 JQ043429 JQ043402 
 JQ043428 AB096850 
 JQ043427 JQ043403 
Apodemus ilex JF503240 JQ043389 
 JF503239 JQ043393 
 JF503238 JQ043388 
 JF503237 JQ043391 
 JF503236 JQ043394 
  JQ043395 
Apodemus latronum 
AM945837 AB096851 
AM945836 AB096852 
 AM945834  
 AB096836  
 GU982932  
 GU982931  
 GU982930  
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 GU982929  
 GU982928  
Apodemus peninsulae 
AB073811 AB032857 
AB073810  
 AB073809  
 AB032850  
Apodemus semotus 
EU349734 AB032862 
AB033694  
Apodemus speciosus 
AB164493 AB264765 
AB164492 AB032856 
 AB032849 AB264766 
 AB503240 AB264767 
 AB503239  
 AB503238  
 AB503237  
 AB164495  
 AB164494  
Apodemus alpicola 
AF159391 AB032861 
AB032854  
 AJ311153  
Apodemus epimelas 
AJ748229  
AJ748230  
 AJ748228  
Apodemus flavicollis 
JF819967 AB032860 
JF819966 JX457621 
 AB032853 JX457622 
 JF819969 JX457623 
 JF819968  
Apodemus hermonensis 
AB303228 AB303231 
AB303227 AB303230 
Apodemus hyrcanicus 
KR003084  
KR003085  
 KR003086  
Apodemus mystacinus 
AF159394 AJ311158 
KY753943 AJ748217 
 KU375149 AJ748220 
  AJ748224 
  KU375167 
  AB303229 
Apodemus pallipes 
GU456380 AB096854 
AF160603 RGM1 
 RCH2  
 RCH3  
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 RGM1  
 RGM2  
 RGM3  
 RGM5  
 RGM7  
 RGM8  
 RGM9  
 RGM10  
Apodemus ponticus 
KR003103  
KR003104  
 KR003105  
Apodemus sylvaticus 
JX457734 AB032863 
AF159395 JX457649 
 AY158458 JX457651 
 AY158457 JX457653 
 AY158456 JX457654 
 AY158455  
 AB033695  
Apodemus uralensis 
AB096837 AB096853 
FN430767  
 FN430770  
 FN430766  
 FN430762  
 FN430759  
 FN430749  
 FN430743  
 AF159393  
Apodemus witherbyi 
EF016789  
EF016788  
 EF016787  
Apodemus argenteus 
AB164582 AB032855 
AB164581  
 AB164580  
 AB164579  
 AB164578  
 AB032848  
Apodemus gurkha 
AY532798 AB032859 
AB032852 BTT4 
 BTT4 GPN5 
 GPN2 CTR1 
 Hap13 (GPN3, 
GPN4, GPN9) 
NMR6 
 GPN5 SGN5 
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 GPN6 SAM1 
 
Hap17 (GPN7, 
GPN19, GPN37, 
CTR1) 
LHO15 
 GPN8  
 GPN10  
 GPN11  
 
Hap21 (GPN12, 
GPN15, GPN21, 
GPN34, GPN38) 
 
 GPN13  
 GPN14  
 GPN18  
 GPN20  
 GPN31  
 GPN32  
 GPN33  
 GPN35  
 GPN38  
 CTR2  
 
Hap32 ([NMR6, 
SGN1, SGN2, 
SGN4, SGN5, 
SAM1, SAM2, 
LHO10, LHO13, 
LHO14, LHO15) 
 
 SGN3  
 SAM3  
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Appendix D 
Chapter 2. Cytochrome b accession numbers of select genera in Murinae for distance 
estimates in Table 2.6. 
Species Accession Number 
Arvicanthis abyssinicus AF004566 
Arvicanthis abyssinicus AF004567 
Arvicanthis blicki KU747159 
Arvicanthis dembeensis AF004568 
Arvicanthis dembeensis JQ956473 
Arvicanthis nairobae KU747160 
Arvicanthis niloticus AF004571 
Arvicanthis niloticus AF004572 
Arvicanthis somalicus AF004573 
Arvicanthis somalicus AF004574 
Arvicanthis sp. AF004583 
Arvicanthis sp. AF004585 
Malacomys cansdalei KJ542882 
Malacomys edwardsi DQ022379 
Malacomys edwardsi KJ542914 
Malacomys edwardsi KJ542937 
Malacomys longipes AM408341 
Malacomys longipes EU349757 
Malacomys longipes JQ735635 
Malacomys verschureni AF518373 
Mastomys awashensis FN393051 
Mastomys awashensis FN393052 
Mastomys coucha AF518335 
Mastomys coucha FN393053 
Mastomys erythroleucus AM409395 
Mastomys erythroleucus AY751292 
Mastomys huberti AY751287 
Mastomys huberti AY751289 
Mastomys kollmannspergeri HM635900 
Mastomys kollmannspergeri HM635903 
Mastomys natalensis AY751294 
Mastomys natalensis AY751296 
Mastomys verheyeni AF518344 
Mastomys verheyeni DQ022378 
Millardia kathleenae EU292148 
Millardia meltada AF141221 
Mus caroli AB033698 
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Mus caroli AB109803 
Mus cervicolor AB125765 
Mus cervicolor AB125766 
Mus cookii AB125767 
Mus cookii AB125768 
Mus dunni AY193770 
Mus famulus AJ698872 
Mus fragilicauda AB125779 
Mus haussa AJ875071 
Mus haussa AJ875072 
Mus indutus AJ875070 
Mus indutus KF184321 
Mus indutus KF184323 
Mus lepidoides AB262414 
Mus lepidoides AB262415 
Mus macedonicus AY057808 
Mus mahomet KJ935795 
Mus mattheyi AJ875068 
Mus minutoides HG934898 
Mus minutoides HG934902 
Mus musculoides Z96069 
Mus musculus AB033699 
Mus musculus AB125771 
Mus musculus AB205279 
Mus musculus AB205303 
Mus musculus KT376780 
Mus neavei KJ935805 
Mus nitidulus AB269818 
Mus nitidulus AB269819 
Mus pahari AB096839 
Mus pahari AY057814 
Mus platythrix AB125782 
Mus poschiavinus AF159396 
Mus saxicola AY057815 
Mus setulosus GU830869 
Mus spicilegus AY057809 
Mus spretus AB033700 
Mus terricolor AB125776 
Mus terricolor AB125778 
Mus triton KJ935746 
Praomys coetzeei JF343844 
Praomys degraaffi AF518358 
Praomys degraaffi AF518359 
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Praomys delectorum JQ735736 
Praomys delectorum JQ735737 
Praomys hartwigi AF518366 
Praomys hartwigi AF518367 
Praomys jacksoni AF518360 
Praomys jacksoni AF518361 
Praomys misonnei AF518362 
Praomys misonnei AF518363 
Praomys rostratus EU053854 
Praomys rostratus EU053857 
Praomys verschureni JF343870 
Rattus andamanensis FR775874 
Rattus andamanensis JQ814208 
Rattus argentiventer AB033701 
Rattus argentiventer FR775882 
Rattus brunneusculus HM031744 
Rattus brunneusculus HM031746 
Rattus nitidus AB973108 
Rattus nitidus AB973110 
Rattus norvegicus AB033713 
Rattus norvegicus FJ842274 
Rattus rattus AB033702 
Rattus rattus AB973096 
Rattus satarae HM217736 
Rattus satarae HM217739 
Rattus tanezumi JQ823491 
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Appendix E 
Chapter 4. Accession numbers of select taxa of Arvicanthini and murid outgroups accessed from GenBank for mitochondrial (Cytb, 
12 S) and nuclear (Rbp3, Ghr) genes used in this study. 
Subfamily Tribe Division Species Cytb 12S Rbp3 Ghr 
Deomyinae   Acomys cahirinus AJ233953 HQ652130 FN984743 FN984742 
        
Murinae Phloeomyini  Batomys granti AY324459  DQ191496  AY294917 
   Phloeomys cuminigi DQ191484  AY326103  
        
 Apodemini  Apodemus flavicollis JF819969 AJ311164 AB032860 AM910943 
   Apodemus sylvaticus JF819981 AJ311131 AB032863 KM397258 
        
 Murini  Mus musculus AB033699 AY012114 AB033711 AY271378 
        
 Rattini  Rattus norvegicus FR775890 AB183258 HM217609 JF412704 
   Rattus rattus AB033702 AJ005780 HM217606 AM910976 
        
 Millardini  Millardia kathleenae EU292148   EU292145  AM910963 
   Millardia meltada AF141221 AF141283 AM408322  AM910962 
        
 Otomyini  Otomys anchietae AF492709 AF492738 AY326101 GQ405388 
   Otomys denti EU874449 JF795959 KC953428 KC953305 
   Otomys angoniensis AM408343 JF795961 AM408325 AM910971 
   Parotomys brantsii AF141224 AF141286 KC953432  
   Parotomys littledalei AF492733 AF492757   
        
 Arvicanthini Aethomys Aethomys chrysophilus AJ604526 AF141276 AY326075 JQ694059 
   Aethomys ineptus AY585656    
   Aethomys kaiseri AJ604519  KU723655  
   Aethomys sp. AF004587    
   Micaelamys namaquensis AF141215 AF492735 AM408330 AY294914 
  Arvicanthis Arvicanthis abyssinicus AF004567 AF141258   
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   Arvicanthis dembeensis JQ956473    
   Arvicanthis nairobae Z96033  KU723897  
   Arvicanthis niloticus AF004571 AF141259 DQ022386 AM910944 
   Arvicanthis somalicus AF004573   AY294918 
   Arvicanthis sp. AF004577    
   Desmomys harringtoni AF141206 AF141264 EU292144  
   Lemniscomys barbarus KU375152  KC953387 DQ019062 
   Lemniscomys bellieri AF004586 AF141267   
   Lemniscomys macculus AF141208 AF141268   
   Lemniscomys rosalia AF141209 AF141269 DQ022390  
   Lemniscomys sp. AB752973    
   Lemniscomys striatus AF141211 AF141270 AM408321 AM910956 
   Lemniscomys zebra AF141207    
   Mylomys dybowskii AF141212 AF141272 EU292146 AM910965 
   Pelomys campanae AF141213    
   Pelomys fallax DQ022382 AF141274 DQ022391 JQ694062 
   Rhabdomys dilectus FR837651    
   Rhabdomys pumilio AF533116 AF141275 AY326106 AY294913 
  Dasymys Dasymys incomtus AF141217 AF141279 EU292143 AM910950 
   Dasymys rufulus AF141216 AF141278 DQ022387  
  Golunda Golunda ellioti AM408338 AF141265 AM408332 AM910951 
  Hybomys Dephomys defua 1 JQ639325  JQ639318 JQ694057 
   Dephomys defua 2 JQ639324  JQ639317 JQ694058 
   Dephomys defua 3 KU375150    
   Hybomys univittatus 1 AF141219 AF141281 JQ639319 DQ019059 
   Hybomys univittatus 2 KJ607278  KC953383  
   Hybomys lunaris 1 DQ902772    
   Hybomys lunaris 2 DQ902771    
   Hybomys lunaris 3 DQ902770    
   Hybomys lunaris 4 DQ902768    
   Hybomys lunaris 5 DQ902765    
   Hybomys lunaris 6 DQ902766    
   Stochomys longicaudatus 1 EU349786  EU292147 DQ019076 
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   Stochomys longicaudatus 2 EU292149  EU349873  
  Oenomys Grammomys dolichurus EU275253  EU349847 EU349800 
   Grammomys gazellae AM408345  AM408329  
   Grammomys ibeanus EU275254  KC953380 EU349801 
   Grammomys macmillani EU349746  AY326086 AM910980 
   Grammomys surdaster EU349747  KC953379 EU349803 
   Lamottemys okuensis JQ639327  JQ639321 JQ694061 
   Oenomys hypoxanthus 1 AM408342  AM408324 DQ019069 
   Oenomys hypoxanthus 2 EU349769  EU349865 AM910970 
   Thallomys paedulcus KU724036 DQ381931 KU723796 DQ019078 
   Thallomys nigricauda JQ639328 DQ381930 JQ639323 JQ694063 
   Thamnomys kempi KU723936.1    
   Thamnomys sp. KU724056.1    
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Appendix F  
Chapter 4. Accession numbers of genera and species of Arvicanthini accessed from 
GenBank for pairwise comparisons using Cytb. 
Division Genus Species Accession Number 
Aethomys Aethomys Aethomys chrysophilus AJ604526 
  Aethomys chrysophilus AJ604525 
  Aethomys chrysophilus AJ604523 
  Aethomys kaiseri AJ604520 
  Aethomys kaiseri AJ604519 
  Aethomys kaiseri AJ604514 
  Aethomys sp. AF004587 
  Aethomys hindei KU747156 
  Aethomys nyikae KU747157 
  Aethomys silindensis KU747158 
 Micaelamys Micaelamys namaquensis EU349731 
  Micaelamys namaquensis AF141215 
Arvicanthis Arvicanthis Arvicanthis abyssinicus AF004567 
  Arvicanthis abyssinicus AF004566 
  Arvicanthis ansorgei KF478312 
  Arvicanthis ansorgei KF478311 
  Arvicanthis blicki KU747159 
  Arvicanthis dembeensis JQ956472 
  Arvicanthis dembeensis JQ956473 
  Arvicanthis nairobae KU747160 
  Arvicanthis niloticus AF004572 
  Arvicanthis niloticus AF004571 
  Arvicanthis niloticus AF004570 
  Arvicanthis somalicus EU349737 
  Arvicanthis somalicus AF004573 
  Arvicanthis somalicus AF004574 
  Arvicanthis sp. HM635839 
  Arvicanthis sp. HM635840 
  Arvicanthis sp. HM635841 
  Arvicanthis sp. AF004577 
  Arvicanthis sp. AF004585 
  Arvicanthis sp. AF004584 
  Arvicanthis sp. AF004583 
 Desmomys Desmomys harringtoni KU747161 
  Desmomys harringtoni AF141206 
 Lemniscomys Lemniscomys bellieri AF004586 
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  Lemniscomys striatus AF141211 
  Lemniscomys striatus AF141210 
  Lemniscomys rosalia AF141209 
  Lemniscomys macculus AF141208 
  Lemniscomys zebra AF141207 
  Lemniscomys sp. AB752973 
  Lemniscomys barbarus KU375152 
 Mylomys Mylomys dybowskii AF141212 
 Pelomys Pelomys campanae AF141213 
  Pelomys fallax DQ022382 
 Rhabdomys Rhabdomys pumilio AF533116 
  Rhabdomys pumilio AF533115 
  Rhabdomys pumilio AF533114 
  Rhabdomys dilectus FR837652 
  Rhabdomys dilectus FR837651 
  Rhabdomys dilectus FR837644 
  Rhabdomys pumilio AF533113 
  Rhabdomys dilectus FR837642 
Dasymys Dasymys Dasymys incomtus AF141217 
  Dasymys rufulus AF141216 
  Dasymys sp. KT232254 
Golunda Golunda Golunda ellioti AM408338 
Oenomys Grammomys Grammomys dolichurus EU275252 
  Grammomys gazellae AM408345 
  Grammomys ibeanus KJ607277 
  Grammomys macmillani EU349746 
  Grammomys sp. AF141218 
  Grammomys sp. KU724055 
  Grammomys sp. KU724054 
  Grammomys sp. KU724047 
  Grammomys sp. KU724046 
  Grammomys sp. KU724039 
  Grammomys sp. KU724033 
  Grammomys surdaster EU349747 
  Lamottemys okuensis JQ639327 
  Lamottemys okuensis JQ639326 
  Oenomys hypoxanthus AM408342 
  Oenomys hypoxanthus EU349769 
  Oenomys hypoxanthus KU724053 
  Thallomys loringi DQ381929 
  Thallomys loringi DQ381928 
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  Thallomys nigricauda DQ381925 
  Thallomys paedulcus KU724036 
  Thallomys paedulcus DQ381927 
  Thallomys paedulcus DQ381926 
  Thallomys sp. KU724037 
  Thallomys sp. KU723959 
  Thallomys sp. JQ639328 
  Thamnomys kempi KU723936 
  Thamnomys sp. KU724056 
Hybomys Dephomys Dephomys defua KU375150 
  Dephomys defua JQ639325 
  Dephomys defua JQ639324 
 Hybomys Hybomys univittatus KJ607278 
  Hybomys univittatus AF141219 
  Hybomys lunaris DQ902774 
  Hybomys lunaris DQ902773 
  Hybomys lunaris DQ902772 
  Hybomys lunaris DQ902771 
  Hybomys lunaris DQ902770 
  Hybomys lunaris DQ902769 
  Hybomys lunaris DQ902768 
  Hybomys lunaris DQ902767 
  Hybomys lunaris DQ902766 
  Hybomys lunaris DQ902765 
  Hybomys lunaris DQ902764 
  Hybomys lunaris DQ902763 
 Stochomys Stochomys longicaudatus EU349786 
  Stochomys longicaudatus EU292149 
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Appendix G 
Chapter 5. Accession numbers of select taxa of Arvicolinae and outgroups accessed from GenBank for mitochondrial (Cytb, COI) and 
nuclear (Ghr, Rbp3) genes used in this study. 
Subfamily Tribe Genus Species Accession Number 
    Cytb CoI Ghr Rbp3 
Cricetinae  Mesocricetus M. auratus AF119265.1 JF444326.1 AF540632.1 FM162052.1 
Arvicolinae Arvicolini Arvicola A. amphibius AF159400.1 AY332681.1 AM392380.2 AY277407.2 
   A. sapidus FJ539341.1   JX457665.1 
   A. scherman JX457750.1   JX457670.1 
  Blanfordimys B. afghanus 1 EF599109.1    
   B. afghanus 2 EF599108.1    
   B. bucharensis 1 EF599110.1  AM392392.1  
   B. bucharensis 2 AM392369.1    
   B. juldaschi 1 EF599113.1    
   B. juldaschi 2 EF599112.1    
   B. juldaschi 3 AY513808.1    
  Chionomys C. nivalis AY513845.1 AY332686.1 KP057338.1 KP057391.1 
  Lasiopodomys L. brandtii 1 GQ352472.1 KF182204.1 GQ142008.1 JF906134.1 
   L. brandtii 2 JF906120.1 KF182207.1 GQ374498.1  
   L. gregalis 1 KF839592.1 KP190315.1 GQ142007.1  
   L. gregalis 2 KF839591.1 KP190314.1   
   L. mandarinus 1 AM392373.1  AM392396.1 KP057386.1 
   L. mandarinus 2 FJ986322.1   AM919413.1 
  Microtus Subgenus Agricola     
   M. agrestis AY167213.1 JF499313.1 AM910792.1 JX457685.1 
   Subgenus Alexandromys     
   M. fortis KJ081954.1 HM137730.1 GQ374494.1 JF906129.1 
   M. kikuchii AF348082.1 AF348082.1 AM392385.1 AM919410.1 
   M. limnoiphilus HQ123615.1 JX962280.1  AM919426.1 
   M. oeconomus AY220032.1 KF152999.1 GQ374499.1 AM919418.1 
   Subgenus Aulacomys     
   M. chrotorrhinus AF163893.1  AM392383.1 AM919403.1 
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   Subgenus Herpethomys     
   M. guatemalensis AF410262.1 JN311722.1   
   Subgenus Microtus     
   M. socialis KC953626.1 KF152993.1 FM162073.1 FM162055.1 
   M. irani FJ767748.1    
   M. levis NC_008064.1 NC_008064.1   
   M. paradoxus KC953624.1    
   M. transcaspicus OTU56  AM910795.1 AM919405.1 
   Subgenus Mynomes     
   M. pennsylvanicus KC473495.1 JN311723.1 AF540633.1 AM919415.1 
   M. townsendii AF163906.1    
   Subgenus Pedomys     
   M. ochrogaster DQ432006.1 JQ601444.1 AM392389.1 AM919423.1 
   Subgenus Pitimys     
   M. pinetorum AF163904.1    
   Subgenus Terricola     
   M. bavaricus DQ841693.1    
   M. liechtensteini EF379100.1    
   M. majori AY513814.1  AM910796.1 AM919409.1 
   M. schelkovnikovi  AM910619.1  AM910794.1 AM919408.1 
  Neodon N. clarkei 1* AY641526.1    
   N. clarkei 2 KP190220.1 KP190287.1   
   N. clarkei 3 KP190221.1    
   N. clarkei 4 KP190219.1 KP190286.1   
   N. leucurus 1* AM392371.1  AM392394.1 AM919400.1 
   N. leucurus 2 KP190225.1 KP190291.1   
   N. leucurus 3 KP190226.1 KP190292.1   
   N. irene 1 JF906127.1 KC709680.1 AY294924.1 AM919412.1 
   N. irene 2 AM392370.1 JX962253.1 AM392393.1  
   N. sikimensis 1 JF906124.1 HQ329100.1 GQ374496.1 AY163593.1 
   N. sikimensis 2 HQ123606.1 KP190269.1   
   N. sikimensis 3 HQ123604.1 KP190272.1   
   N. sikimensis 4 HQ123603.1 KP190271.1   
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   N. sikimensis 5 HQ123602.1 KP190268.1   
   N. sikimensis 6 HQ123601.1 KP190267.1   
   N. linzhiensis 1 HQ123617.1 KP190262.1   
   N. linzhiensis 2 HQ123593.1 KP190264.1   
   N. nyalamensis 1 KP190227.1 KP190293.1   
   N. nyalamensis 2 KP190228.1 KP190294.1   
   N. medogensis 1 KP190214.1 KP190281.1   
   N. medogensis 2 KP190215.1 KP190282.1   
   N. fuscus 1 KU214739.1 JX962263.1 GQ374495.1 JF906131.1 
   N. fuscus 2 JF906122.1 JX962265.1   
 Dicrostonychini Dicrostonyx D. torquatus AF119275.1  AM392381.1  
   D. groenlandicus AF119268.1 JF456464.1  KJ556766.1 
 Ellobiusini Ellobius E. tancrei AF119270.1  GQ142006.1  
 Lagurini Lagurus L. lagurus AF429818.1 KF152989.1 GQ142003.1  
 Lemmini Lemmus L. sibricus AY219140.1  AM392398.1 AM919402.1 
 Myodini Myodes M. gapperi KJ789561.1 JF456940.1 AF540623.1 AY326080.1 
   M. rufocanus KX082749.1 JF903284.1 GQ142002.1 KJ556761.1 
   M. rutilus KJ789597.1 HM165301.1 KC962291.1 KC962308.1 
  Eothenomys E. melanogaster AY426682.1 HM165325.1 AM392399.1 AY163583.1 
   E. miletus AY426686.1 HM165305.1  KJ556773.1 
  Alticola A. argentatus KJ556727.1  KC962274.1 KC962294.1 
   A. semicanus DQ845192.1  KC962285.1 KC962297.1 
   A. lemminus KJ556621.1  KC962282.1 KC962296.1 
 Ondatrini Ondatra O. zibethicus KC563206.1 JF456977.1 AY294925.1 KC953427.1 
 Phenacomyini Phenacomys P. intermedius AF119260.1 JF457089.1 AM392377.1 KC953438.1 
 Prometheomyini Prometheomys  P. schaposchnikowi AM392372.1  AM392395.1 AM919406.1 
*Misidentified in GenBank 
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Appendix H  
Chapter 5. Cytb accession numbers of Neodon and Blanfordimys species accessed from 
GenBank for genetic distance estimates from Table 5. 
 
Species Accession Number 
Neodon clarkei AY641526 
 KP190221 
 KP190220 
 KP190219 
Neodon fuscus KP190213 
 KP190212 
 KP190211 
 KP190210 
 KU214739 
 KU214738 
 KU214737 
 KU214736 
 KU214698 
 KU214683 
 KU214682 
 KU214681 
 KU214680 
 KU214679 
 HQ123609 
 JF906122 
Neodon irene GU908338 
 GU908337 
 GU908336 
 GU908335 
 GU908334 
 GU908333 
 GU908332 
 GU908331 
 GU908330 
 GU908329 
 GU908328 
 GU908327 
 GU908326 
 GU908325 
 GU908324 
 GU908323 
 GU908322 
 GU908321 
 254 
 
Neodon irene GU908320 
 GU908319 
 GU908318 
 GU908317 
 GU908316 
 GU908315 
 GU908314 
 GU908313 
 GU908312 
 GU908311 
 GU908310 
 GU908309 
 GU908308 
 GU908307 
 GU908306 
 GU908305 
 GU908304 
 GU908303 
 GU908302 
 GU908301 
 GU908300 
 GU908299 
 GU908298 
 GU908297 
 GU908296 
 GU908295 
 GU908294 
 GU908293 
 GU908292 
 GU908291 
 GU908290 
 HQ123619 
 HQ123616 
 HQ123614 
 HQ123611 
 HQ123597 
 HQ123596 
 HQ123595 
 KU214724 
 KU214688 
 KU214685 
 KP190209 
 JF906127 
 KX354149 
 255 
 
Neodon irene HQ416908 
 AM392370 
 KU214689 
 KU214687 
 KU214686 
 KU214684 
 NC_16055 
Neodon leucurus KX455506 
 KP190226 
 KP190225 
 KP190224 
 KP190223 
 KP190222 
 AM392371 
Neodon linziensis HQ123618 
 HQ123617 
 HQ123594 
 HQ123593 
Neodon medogensis KP190218 
 KP190217 
 KP190216 
 KP190215 
 KP190214 
Neodon nyalamensis  KP190231 
 KP190230 
 KP190229 
 KP190228 
 KP190227 
Neodon sikimensis (Tibet) HQ123606 
 HQ123605 
 HQ123604 
 HQ123603 
 HQ123602 
 HQ123601 
 HQ123600 
 HQ123599 
 JF906124 
 KU891252 
 NC_35503 
Blanfordimys afghanus EF599108 
Blanfordimys bucharensis EF599111 
 AM392369 
 EF599110 
 EF599109 
 256 
 
Blanfordimys juldaschi EF599113 
 EF599112 
 AY513808 
 
